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ABSTRACT

Cysteine catabolism is dependent upon cysteine dioxygenase (CDO), a thiol dioxygenase
encoded by the gene CDO1. The clinical literature and, more recently, the study of CDO
polymorphisms in disease and control populations have illustrated a strong association of
impaired metabolism of cysteine to sulfate and taurine and/or CDO loss-of-function mutations
with a variety of autoimmune and neurodegenerative diseases. The Stipanuk research group has
recently generated a germ-line CDO knockout (CDO'/‘) mouse that clearly has metabolic and
phenotypic abnormalities.  Phenotypically, CDO knockout (null) mice exhibit signs of
connective tissue and skeletal abnormalities, especially joint hyperlaxity (hypermobility) and
wry nose (contortions in the nasal bone). Our studies indicate that CDO null mice have clear
connective tissue abnormalities. Key abnormal features include significant increases in lung air
space, measured by mean linear intercept; lung elastic fiber disarray and entanglement;
significant increase in matrix metalloproteinase-12 (MMP-12), an enzyme involved in degrading

elastin, in the lung; and skeletal development retardation.
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LITERATURE REVIEW

Cysteine Metabolism

Cysteine is a sulfur amino acid utilized both for the synthesis of proteins and the
synthesis of essential non-protein compounds, which include glutathione, taurine, pyruvate and
sulfate. Key enzymes involved in the catabolism of cysteine to the non-protein compounds
include glutamate-cysteine ligase, cystathionine [ /-lyase, cystathionine [-synthase,
cysteinesulfinate decarboxylase, and cysteine dioxygenase (CDO) (1). The activity of most of
these enzymes is highest in liver, the organ that plays a central role in metabolizing cysteine (2).
The CDO pathway is the first step in the oxidative catabolism of cysteine, yielding
cysteinesulfinate, which can be further catabolized to sulfate and pyruvate or to taurine. In
response to high levels of dietary protein or sulfur amino acids, hepatic CDO of mice undergoes
up to a 30-fold change in concentration and up to 10-fold changes in catalytic efficiency,
translating to an overall 300-fold increase in catalytic CDO activity (1,3,4,5). This abundant

regulation of CDO suggests that control of cysteine concentration is crucial to living organisms.

CDO not only removes excess cysteine but is necessary to meet the physiological
demands for inorganic sulfate and taurine. High plasma cysteine levels and low plasma sulfate
levels have been associated with severity and rapid progression of rheumatoid arthritis and with
incidence of several neurological diseases (6). The study of CDO polymorphisms in disease and
control populations has provided further support for a strong association of CDO genetic
polymorphisms with rheumatoid arthritis (7). The Stipanuk group has generated germ-line CDO
knockout or null mice (CDO'/ ’) that clearly have metabolic and phenotypic abnormalities.

Phenotypically, CDO null mice exhibit signs of connective tissue and skeletal abnormalities.
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Bone Development

Connective tissue, a constituent within the extracellular matrix (ECM), confers the form
and strength to tissues. Connective tissue is commonly made up of collagen, hyaline, elastin
fibers, fibronectins, laminins, and proteoglycans. Connective tissue may be loose (e.g. the tissue
that holds organs in place and attaches epithelial tissue to other underlying tissues), fibrous,

cartilaginous, or dense (e.g. tendons, ligaments, and compact/cancellous bone).

Skeletal development in vertebrates, which includes both ossified bone and cartilage, has
its roots from three distinct embryonic lineages (8). Relevant to our study is the development of
the craniofacial, axial, and limb skeleton. The craniofacial skeleton has its origins from the
cranial neural crest; the axial skeleton has its origins from the somites; and the limb skeleton has

its origins from the lateral plate mesoderm (Figure 1).

Cell lineages and early steps in development of the vertebrate skeleton

cranial neural crest somites lateral plate mesoderm
; ] Patterning genes H ;
(transcription factors such as Hox and PAX genes)
craniofacial skeleton axial skeleton limb skeleton

\ Genes that regulate organogenesis /

(transcription factors, cytokines, growth factors,
extracellular matrix molecules)

cartilage and bone

Figure 1. Diagram illustrates the nature of organogenesis from pre-cursor cells. Figure also demonstrates the
factors involved in promoting organogenesis. Diagram from Olsen et al. (8).

In our study, particular interest was focused on the craniofacial abnormalities in CDO

null mice. During the craniofacial skeletal development, cells from the dorsal region of the
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neural tube migrate from the branchial arches and frontonasal mass (9). These cells then make
up the cartilage and bone of the craniofacial skeleton. Examples of craniofacial structures that
the neural crest cells generate include the frontal and parietal bones. The process of neural crest
cell differentiation into craniofacial skeletal structures depends on cytokine signaling to the
epithelial cells. The mesenchyme cells, which are pluripotent stem cells, receive downstream
cytokine signals from the epithelial cells before secreting their own signals to promote the

growth and differentiation of neural crest cells into craniofacial structures (9).

Ossification in the mouse skeleton occurs between days 14 and 15 after fertilization (10,11).
For this particular study, interest was in the skeletal features of the cranium, sternebrae, and
femur of CDO null and wild-type (CDO+/+) mice. Renditions of these skeletal features are
displayed in Figure 2. The skull and extremities of the mouse fetus are normally fully ossified
two days before birth (12). Mice have six sternebrae numbered 1-6. By convention, the
sternebrae are labeled from the most cephalic sternebra (sternebra 1) to the most caudal sternebra
(sternebra 6). Most of the sternebrae are fully ossified in each of their unilateral ossification
center at birth, but sternebra 5 tends to lag behind in becoming fully ossified. A study found that
in a cohort of 67 mice, all mice had fully unilaterally ossified sternebra 5 by post natal day
(PND) 12 (12). Since the mice used in our study were between PND 54 and PND 61, we
assumed that all unilateral ossification centers were fully ossified. Our focus was not on the
unilateral fusion of a single sternebra. Instead, our focus was on observing the fusion that joins

two sternebrae (sternebra 4 and sternebra 5) at the juncture that they meet.
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Figure 2. Select skeletal structures of mice. (a) Ventral aspect of sternum and rib; (b) Dorsal aspect of skull; (¢)
Medial aspect of right hind limb. Images adopted from www.informatics.jax.org.

Lung

The lower respiratory tract contains the lungs, an organ rich in connective tissue required
for respiration. The passageway of airflow is directed in the following pathway, going from the
largest to the smallest structures: orifices (i.e. nose and mouth), trachea, bronchi, bronchioles,
respiratory bronchioles, alveolar duct, alveolar sac and individual alveolus. Air flow structures
with cartilage are known as bronchi. With no cartilage, it is called a bronchiole. The alveolar
duct contains a collection of alveoli. The alveolus is a space occupied by air. Gas exchange
between blood and air occurs at the beginning of the respiratory bronchiole and ending at the
alveoli. Gas exchange occurs through small apertures 7-8um in diameter in the interalveolar
walls that separate alveoli. Capillary beds located behind the basement membrane of the
interalveolar walls allow for this gas exchange. The integrity of these interalveolar walls is
reinforced by connective tissues including elastic fibers, reticular fibers, and by basement

membrane. Flat squamous epithelial cells make up the majority of the interalveolar wall. Space
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between the basement membrane of epithelial cells and that of capillaries allows cells like

macrophages to enter (13). See Figure 3a for a histological interpretation of a normal lung.

The capillary beds receive their oxygenated blood from the air inspired. Oxygenated
blood is sent out of the lungs by the pulmonary vein. Deoxygenated blood is collected and
removed by the pulmonary artery. From the lumen of the artery to the basal portion of the blood
vessel, distinct layers are labeled as tunica intima, tunica media, and tunica externa (Figure 3b).
This nomenclature also applies to the vein. The connective tissue features of the lung mark the
lungs as an ideal specimen for connective tissue studies. The tunica intima is composed of
endothelium, collagen, and elastic fibers. An elastic lamina separates the tunic intima from the
tunica media. The tunica media houses the smooth muscles within a matrix of thin elastic fibers.
The tunica media is thinner in veins than in arteries. The tunica adventitia is composed of
connective tissue and small nerves. The tunica adventitia in veins is much wider than in arteries
(14). See Figure 3b for histology of the artery and vein.

a. b.
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Figure 3. (a) Normal histology of lung. Image adopted from
http://www.kumc.edu/instruction/medicine/anatomy/histoweb/resp/resp.htm (scale bar is 250um); (b) Normal
histology of artery and vein. Image adopted from
http://legacy.owensboro.kctcs.edu/gcaplan/anat2/histology/histo%20G%20cardiovascular.htm.
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Connective Tissue Remodeling
Matrix Metalloproteinases

Embryonic development and postnatal maturation depend on continual turnover of
connective tissue. Connective tissue turnover involves proteolytic processes accomplished by
matrix metalloproteinases (MMPs) and regulated by their inhibitors, otherwise known as the
tissue inhibitors of metalloproteinases (TIMPs) (15,16,17). MMPs are a family of highly
homologous zinc endopeptidases that not only degrade protein components of the ECM but also
have dynamic roles in normal physiological functions (like the menstrual cycle). There functions
also extend towards diseases involving abnormal ECM turnover like arthritis, cancer, and sepsis
(18,19,20,21,22). MMPs may also function to process bioactive molecules such as cytokines,

apoptotic ligands, and cell surface receptors (23,24,25).

To date, at least 25 MMPs have been identified. Cumulatively, the MMPs cleave all of
the proteins found in the ECM, including mineralized matrices (26,27). All MMPs identified
thus far can be categorized by eight distinct structural groups (28). These eight distinct MMPs
may further be categorized as membrane-bound or secreted. Common to each of the matrix
metalloproteinases, however, are three domains: signal peptide, propeptide, and the catalytic
domain (Figure 4).

SH
@) Pro ) Catalytic |Zn]

Figure 4. Figure depicts the core domains of all matrix metalloproteinases. Figure from Sternlicht and Werb (28).

The catalytic region of the MMPs also houses the zinc-binding region. All MMPs

contain a highly conserved region in the catalytic domain that constitutes a calcium-binding site.
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The addition of extra domains to the core domains of the MMPs characterizes the idiosyncrasies

of each type of MMP.

In addition to structural similarities, MMPs are often classified based on functional
similarities as follows: collagenases (MMP-1,-8,-13); gelatinase (MMP-2,-9); stromelysins
(MMP-3,-10,-11); matrilysins (MMP-7,-26); membrane-type (MT-MMP-14,-15,-16,-17,-24,-5);

and others (MMP-12 is considered a macrophage elastase) (29).

Two MMPs relevant to this study are MMP-9 and MMP-12. Most MMPs do not have
any one particular substrate. Subsequently, a MMP like gelatinase (MMP-9) cleaves a variety of
proteinaceous ECM components, including plasminogen, gelatin, elastin, and collagen (Type IV,
V, XI and XIV) (30). As another example, MMP-12 cleaves collagen (IV and V), gelatin,
elastin, and fibronectin (31). MMP-9 is produced primarily by epithelial cells and macrophages
(32). MMP-12 is primarily produced by macrophages and targets the epithelial cells (33,34).

Our attention to MMP-9 and MMP-12 was localized to the lungs of CDO null mice, where
connective tissue pathology was apparent. Imbalances in the MMPs have been recorded to result
in lung pathology, including chronic inflammation, emphysema, and chronic obstructive
pulmonary disease. Specifically, lungs with an up-regulation of MMP-9 and MMP-12 have been
accompanied by the disarray seen in emphysemic and fibrotic lungs (35,36). Our selective
attention to MMP-9 and MMP-12 is fitting to their role in degrading collagen and elastin, a
normal physiological process that presented itself pathologically in histological images of our
CDO null mice. Equally as important as the MMPs are the TIMPs, which act antithetical to

MMPs by inhibiting the MMPs. Dysregulation seen from ECM pathology is not solely
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dependent on the up-regulation or the down-regulation of any one MMP or any one TIMP but by

the nexus and homeostatic balances between the MMPs and TIMPs.

Tissue Inhibitors of Matrix Metalloproteinases

Tissue inhibitors of matrix metalloproteinases (TIMPs) are specific inhibitors of MMPs
that control the proteolytic activity of MMPs in tissues. TIMPs bind MMPs in a 1:1 ratio and are
equally as important as MMPs are for development and tissue remodeling. The stoichiometric
ratio prevents MMPs from catalyzing excessive degradation of connective tissue proteins, while
allowing connective tissue formation to occur. At the time of this study, four TIMPs have been
classified in vertebrates (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) (37,38). Like MMPs, TIMPs
have other biological functions in addition to the MMP inhibitory function they were named
after. For instance, TIMP-1 and TIMP-2 have erythroid-potentiating and cell growth activity
(39,40); TIMP-3 regulates inflammation (41); and TIMP-4 has been found to be cardio-
protective (42). In our attempts to evaluate homeostatic imbalances in MMP-9 and MMP-12, we
used TIMP-1 and TIMP-3 for their known function to inhibit both of the MMPs under study.
Moreover, TIMP-1 inhibits the activity of most MMPs with the exception of MT1-MMP and
MMP-2 (43). Thus, any dysregulation of TIMP-1 may have a broader implication than simply
an effect on MMP-12. TIMP-3 inhibits MMPs-1,-2,-3,-9, and -13 and was selected based on its
anti-inflammatory functions (41,44). Thus, if damage in the lung of our mice is due to

inflammation, dysregulation of TIMP-3 may be a suspect.

10
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METHODS

Generation of mice

Mice were housed in a pathogen free barrier facility. All animals had access to an
irradiated standard non-purified rodent diet (7012 Teklad LM-485, Harlan Laboratories, Inc.)
(except when a non-purified diet is indicated) and water ad libitum. Male and female mice
heterozygous for the null CDO allele were intercrossed to generate wild-type (CDO*™),
heterozygous (CDO “ ") and null (CDO™") mice. Animals were genotyped at postnatal day 14
(PND 14) and weaned at PND 28, as described previously (64). All experimental procedures

involving mice were approved by the Cornell University Institutional Animal Care and Use

Committee.

Morphometric analysis of skeletal structure

Wild-type (WT) and null mice (n=53: 14 null females, 12 WT females, 16 null males, 11
WT males) were euthanized by carbon dioxide inhalation when they were approximately eight
weeks of age (ranging from 51 to 64 days of age). Whole skeletons were prepared by the
method of Depew (45). Whole mice were dehydrated by incubating in 95% ethanol for two
hours. They were then removed from the ethanol, skinned, and eviscerated. Muscle and
connective tissues were left intact. Specimens were then further incubated in 95% ethanol for
five days, followed by incubation in acetone for six days for further dehydration and removal of
fat. The following cranial measurements, as suggested by Kawakami (46), were then made on
the cranium of mice specimens using an electronic digital caliper (Fisher Scientific, PA): nasal

bone length, frontal bone length, parietal bone length, interparietal bone length, nasal bone

11
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width, distance between left and right anterolateral corner of the frontal bone, frontal bone width,

and interparietal bone width.

Skeletal staining procedure

After documenting cranial measurements, specimens were immediately placed in a
staining solution containing Alizarin Red (0.005%, w/v) and Alcian Blue (0.015%, w/v) dye for
five days (46). The mice were then transferred to a 1% (w/v) KOH solution. The KOH solution
was renewed three times over the course of six days in order to remove excess staining, soften
the skeletal structure, and remove non-skeletal structures like muscles and adipose tissue. This
was followed by the sequential replacement of KOH with glycerol over the course of two weeks.
Glycerol-1% (w/v) KOH solutions with decreasing ratios of glycerol-to-KOH replaced older
solutions: the ratio of glycerol-to-1% KOH that was added over the course of two weeks was as
follows: 1:4, 1:1, 4:1, and finally 100% glycerol. This procedure resulted in clearly visible
stained bone and cartilage. Specimens were then stored in 50-mL conical tubes containing

glycerol until observations were made.

Histomorphometric evaluation of differentially stained lung sections

CDO null and wild-type animals were anesthetized by intraperitoneal injection of
Avertin® (tribromomethanol). Next, a scalpel blade was used to open the abdominal cavity and
cut the diaphragm, and lungs were perfused intratracheally with a blunt butterfly catheter
connected to a column of 4% (v/v) paraformaldehyde suspended 25 cm above the dissecting
surface. When the lungs were fully inflated with paraformaldehyde, the trachea was clamped,
and the entire mass of thoracic viscera was removed intact and placed in 4% paraformaldehyde

for 24 hours. Samples from two or more lung lobes of each mouse were submitted for

12
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histological processing (Electron Microscopy and Histology Core Facility, Cornell University).
Semi-serial, 5-uM sections from paraffin embedded tissues were processed with Verhoeff
VanGeison (VVG), Hematoxylin and Eosin (H&E) stains to visualize and compare connective
tissue components. Stained sections were analyzed using an Olympus BX50 microscope with a
Moticam 2300 cMOS camera (Motic North America, Richmond, BC). Images from the
Moticam 2300 cMOS camera were analyzed at 200x magnification using JMicroVision 1.2.7
(http://www . jmicrovision.com) to evaluate mean linear intercept (MLI), a measure of the
distance between interalveolar walls, by the method of Dunnill (47) with modifications by
Hamelet et al. (48). A large MLI indicates airspace enlargement in the alveoli and consequently
reduced surface area for gas exchange. In brief, the mean linear intercept value was calculated
by obtaining an average of 5-9 images from lung specimens prepared for each mouse at 200x
magnification. Images were overlaid with a scaled 50-uM grid (approximately 10 vertical lines
x 10 horizontal lines). A sum of the number of alveolar walls intersected by lines in both the
horizontal and vertical direction was divided by the total length of the lines on each image,
yielding the MLI value. A representative MLI for each animal was determined by averaging the

MLI values over all images counted for that animal.

Analysis of MMP-9, MMP-12, TIMP-1, and TIMP-3 expression by Western blotting and
real time quantitative RT-PCR (qRT-PCR)

For collection of tissues for analysis of expression of matrix metalloproteinases (MMPs)
and tissue inhibitors of metalloproteinases (TIMPs), null and wild-type mice were both placed on
a semi-purified rodent diet at weaning and then switched to a diet with a slightly excess level of
sulfur amino acids at 6-7 weeks of age. These semi-purified diets were based on the AIN93G

formulation with the control diet containing 200 g isolated soy protein + 3.1 g L-methionine per

13
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kg (8.0 methionine equivalents per kg) and the sulfur amino acid-enriched diet containing 200 g
vitamin-free casein + 4.2 g L-cystine + 1.5 g L-methionine (12.3 methionine equivalents per kg).
[For reference, the standard AIN93G diet formulation for rodents provides 9.3 methionine
equivalents per kg, with 1 g cystine = 1.24 g methionine equivalents.] The purpose of the diet
enriched in sulfur amino acid content was to enhance the phenotype by giving the mice a higher
load of cysteine, the substrate for cysteine dioxygenase. At 8-9 weeks of age (after 2 weeks on
the sulfur amino acid-rich diet), mice were euthanized with CO, and lungs were collected,

immediately frozen in liquid nitrogen, and stored at -80°C.

Samples of frozen tissues were homogenized and Western blotting was performed to
determine the protein expression levels of MMP-9, MMP-12, TIMP-1, and TIMP-3 in lungs of
null and wild-type mice. For each tissue sample, a homogenate was prepared in lysis buffer [50
mM Tris, pH 7.5, 1% (v/v) Non-idet P-40, 2 mM EDTA, 150 mM NaCl supplemented with 1x
mammalian protease inhibitor cocktail (Sigma-Aldrich, MO)]. Homogenates were centrifuged at
~14,000 x g at 4°C for 20 min to obtain the supernatant fraction. Protein content of the
supernatant was determined using the BCA Protein Assay Kit (Pierce Thermo Scientific, IL)
before separating the protein on sodium dodecylsulfate—polyacrylamide gel electrophoresis using
a 12% (w/v) polyacrylamide separating gel and 4% stacking gel. The proteins in the separating
gel were then transferred onto Immobolin-P polyvinylidene difluoride membrane (Millipor, MA)
overnight for 17 hours at 30 V in transfer buffer (25 mM Tris base, 193mM glycine, and 15%
(v/v) methanol). After the protein transfer, the Immobolin-P membrane was blocked with
blocking buffer (LI-COR, MD) for one hour before incubating overnight with the antibodies of

interest. The antibodies used include the following: goat anti-mouse MMP-9 antibody (R&D,

14
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MN), rabbit anti-mouse MMP-12 antibody (Origene, MD), rabbit anti-mouse TIMP-1 antibody
(Origene, MD), rabbit anti-mouse TIMP-3 antibody (Abcam, Cambridge, MA), and mouse anti-
mouse Actin antibody (Cell Signaling Technology, MA). After incubating with primary
antibodies, the membranes were incubated with secondary complementary antibody for one
hour. The secondary antibodies were infrared fluorescent dye-labeled anti-mouse, anti-goat, or
anti-rabbit IgG antibodies (IRDye, LI-COR Biosciences). Scanning of membranes was in
accordance with the manufacturer and the Odyssey direct infrared imaging system (LI-COR
Bioscience). The intensity of signals was quantified with Odyssey software (LI-COR

Biosciences). Results for MMPs and TIMPs were normalized for actin levels.

Real time quantitative RT-PCR (qRT-PCR) measurements were performed to quantify
MMP-9, MMP-12, TIMP-1, and TIMP-3 mRNA levels in the lung tissue samples (n=6: 3 null
males, 3 WT males). RNA was isolated using Qiazol and RNeasy Mini Kit with on-column
DNAse digest (Qiagen, CA). Concentration of isolated RNA was determined using a NanoDrop
spectrophotometer (Thermo Scientific, DE), and 1 pg RNA was reverse transcribed into cDNA
using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, CA) according
to manufacturer directions. qRT-PCR was performed with a 480 LightCycler PCR System
(Roche Applied Science, IN) using Sybr Green Master Mix (Applied Biosystems, CA). Actin

was used as the endogenous (housekeeping) control.

Primers were generated by Integrated DNA Technologies (IDT, [A) for target gene
MMP-9 (forward primer, AGACGACATAGACGGCATCC; reverse primer,

GGCTGTGGTTCTGTTGTGG), target gene MMP-12 (forward primer,

15
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TTGTGGATAAACACTACTGGAGGT; reverse primer, AAATCAGCTTGGGGTAAGCA),
target gene TIMP-1 (forward primer, GCAAAGAGCTTTCTCAAAGACC; reverse primer,
AGGGATAGATAAAGAGGGAAACAC), and target gene TIMP-3 (forward primer,

TGTCGTGCTCCTGAGCTG; reverse primer, GCTTCTTTCCCACCACTTTG.

The average crosspoint (Ct) for each transcript of the target gene and for the standard
actin gene were calculated via the LightCycler software (Roche Applied Science, IN). Average
actin Ct values were subtracted from the average target values for each animal, yielding ACt.
Next, AACt was calculated by subtracting the average WT ACt from each animal’s ACt
value. Fold-change was then calculated (2*2“"). Average values for fold-change were than

calculated. Calculations suggested by Pfaffl (49).

Statistical Analysis

Graph Pad Prism 4 Software — Data were analyzed with unpaired one-tail t-test values for
cranial measurements, MLI measurements, and quantitative Western blotting measurements
between CDO null and wild-type mice. The significance of effects of genotype and sex (and
there interaction) on the incidence of abnormal bone features in the sternebrae, nasal bone, and
xiphoid cartilage was assessed by a logistic regression (JMP Statistical Software). Fisher’s exact
two-tail test was also used to analyze significance of male and female effects on abnormal
phenotype. Results are expressed for main effects as P= # for significance or P=NS for non-

significance.

16
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RESULTS

Four cranial landmark measurements highlight bone growth stunting

Lengths of the following cranial landmarks were quantified for all specimens (n=53; 14
CDO null females, 12 wild-type females, 16 CDO null males, 11 wild-type males): nasal bone

length (NL), frontal bone length (FL), parietal bone length (PL), interparietal bone length (IL),

nasal bone width (NW), left and right corner of frontal bone (LR), frontal bone width (FW), and

interparietal bone width (IW). Figure 5 illustrates the various bone lengths and widths measured.

A statistically significant difference in four landmarks of cranium size was seen in CDO null

mice compared with wild-type mice. The four landmarks were the NL (females, p=0.032; males,

p=NS), FL (female, p=0.035; male, p=0.016), NW (female, p=0.030; male, p=0.002), and LR

(female, p=NS; male, p=0.002) (Figure 6). In null mice of both sexes, FL was significantly less

and NW was significantly greater. On the other hand, NL was significantly less only in CDO

null female mice, and LR was significantly less only in CDO null male mice compared to wild-

type mice of the same sex.

NL: Nasal
bone length

FL: Frontal
bone length

PL: Parietal
bone length

IL: Interparietal
bone length

Decipital

NW: Nasal
bone width

LR: Left and
right corner
of frontal

) USRS

FW: Frontal

) DRSS - R Y

IW: Interparietal
bone width

Oecipital

Figure 5. Nomenclature of cranial landmarks from Kawakami and Yamamura (6).

Interparietal
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Figure 6. Graphical representation of landmark measurements of the cranium. Measurements with statistical
significance were noted. Asterisks indicate p < 0.050. Mean data are indicated above each bar + standard error of
mean (SEM). N=53: 14 CDO null females, 12 WT females, 16 CDO null males, 11 WT males.
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Skeletal staining identified abnormal formation of bone and poor ossification

Three notable skeletal abnormalities were noted in CDO null mice compared to wild-type

mice. These differences are embodied in the nasal bone, sternebrae, and xiphoid cartilage.

The nasal bone of CDO null mice was typically observed to be contorted (Figure 7a).
None of the male wild-type mice were seen to have the contorted nasal bone, whereas 38% of the
male CDO null mice exhibited the contorted nasal bone (Figure 8). Female mice had slightly
different outcomes; 17% of wild-type female mice and 36% of CDO null female mice were
observed to exhibit the contorted nasal bone (Figure 8). A nominal likelihood ratio y” test
obtained from logistic regression (Table 1) confirmed significant increases (p=0.013) in the
contorted nasal bone among all CDO null mice. No statistical significance was seen between the
sex of the mice and the frequency of the contortion. This analysis also showed no significant

interaction between sex and genotype.

Wild-type mice are more inclined to have a fusion between sternebrae 4 and 5 (Figure 7d,
red arrows), whereas CDO null mice frequently had a separation between sternebrae 4 and 5
(Figure 7d, arrows). None of the male and female wild-type mice lacked fusion between
sternebra 4 and sternebra 5 (Figure 8). In contrast, 87% and 43% of the male and female CDO
null specimens, respectively, lacked fusion between sternebra 4 and sternebra 5 (Figure 8).
Likelihood ratio * test obtained from logistical regression (Table 1) confirmed significant
dependence of frequency of fusion on the genotype (p<0.0001) and on sex (p=0.008). This
analysis also showed no significant interaction between sex and genotype. Two-tail Fisher’s

exact test on male and female sex effect on phenotype showed similar results (data not included).
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The xiphoid cartilage is the cartilaginous extension below sternebra 6 (Figure 7d, orange
arrow). In this study, 9% of the male and 42% of the female wild-type mice had a medially
unfused xiphoid cartilage, whereas 69% (male) and 86% (female) of CDO null mice had a
medially unfused xiphoid cartilage (Figure 8). Likelihood ratio 5 test obtained from logistical
regression (Table 1) confirmed significant dependence of frequency of fusion on the genotype
(p<0.0001) and on sex (p=0.040). This analysis also showed no significant interaction between
sex and genotype. Two-tail Fisher’s exact test on male and female sex effect on xiphoid

cartilage fusion showed similar results (data not included).

A typical newborn mouse should have fully ossified skull, axial skeleton, and limb by the
end of gestation, with the exception of the phalanx (12). In our skeletal staining study, the paired
use of both Alizarin Red and Alcian Blue allowed for the identification of both ossified areas of
bone and collagen-rich areas; the Alizarin Red dye was used to stain ossified bone red, whereas
the Alcian Blue dye was used to stain collagen blue. Since a violet color designates an
intermediate between blue and red, violet-colored femora of CDO null mice indicated poor
ossification in null mice compared with wild-type mice (Figure 7b). The epiphyseal plate of the
femur also demonstrated some of the same characteristics with differential staining (Figure 7c);
the bluer staining in CDO null mice within the epiphyseal plate indicates incomplete ossification
of the epiphyseal plate. No quantitative data on abnormal features of the femora were obtained.
In contrast to skeletal staining outcomes, bone density evaluations through x-ray and DEXA
scanning showed no conclusive evidence of bone density differences between wild-type and

CDO null mice (data not shown).
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Figure 7. Stained portions of select skeletal structures. Each image pair contains a WT specimen on the left and a null
specimen on the right. (a) Stained cranium; (b) Stained femur; (c) Stained epiphyseal plate; and (d) Stained sternebrae.
Orange arrow points at xiphoid cartilage. Red arrows point at fusion juncture between sternebra 4 and sternebra 5.
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Connective Tissue Objective Observations in CDO Null and WT Mice
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B Wry nasal bone

Percent

B Sternebra 4 not fused with sternebra 5

Xiphoid cartilage not medially fused

Male WT Male Null Female WT

Sex and Genotype

Female null

Figure 8. Graphical representation of specimens with particular traits.

Sex No. of Contorted No. of Unfused No. of Unfused
(Wry) Nasal Bone | Sternebra 4 with Xiphoid Cartilage
Sternebra 5
M 0 0 1
WT F 2 0 5
M+F 2 0 6
M 6 4 11
CDO Null | E 5 6 12
M+F 11 10 23
G (p=0.013); G (p<0.0001); G (p<0.0001);
Effect S (p=NS); S (p=0.008); S (p=0.040);
SxG (p=NS) SxG (p=NS) SxG (p=NS)

Table 1. Number of specimens with specified traits according to sex (M=male, F=female) and genotype. Nominal
likelihood ratio x* test was used for statistical analysis of dependence of genotype (G), sex (S), and the interaction
between sex and genotype (SxG), on phenotype outcomes. Probability of the ratio not being different from 1.0 are
indicated as NS (non-significant = p > 0.050).

CDO null mice have significant alveolar airspace enlargement

Representative histological images of wild-type and CDO null lung stained with H&E are
shown in Figure 9. Analysis of differentially stained lung sections of 8-week old CDO null mice
showed enlarged alveolar airspaces. The mean linear intercept (MLI) for wild-type and/or CDO
heterozygous (n=10: 4 females, 6 males) and CDO null (n=9: 4 females, 5 males) animals was
measured (Figure 10) and values were compared by unpaired two-tail t-test. CDO null animals
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showed a significantly larger MLI than wild-type (p=0.027). Larger MLI indicates fewer
alveolar walls intercepted, thereby indicating larger alveolar airspaces and decreased surface area
for gas exchange. When compared by sex, only male CDO null mice showed significantly
increased airspaces compared with wild-type male mice (unpaired one-tailed t-test, p=0.031),
while females CDO null mice were not significantly different from female wild-type mice

(p=0.091).

b Y :J} 1

Figure 9. Lung h1stologlca1 staining of male WT (left 1mage) and CDO null (rlght image) mice. (a) An image of '
lung histology in a WT mouse. (b) An image of lung histology in a CDO null mouse. Both images are at 200x
magnification.
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Figure 10. Composite data on mean linear intercept (um) in 19 specimens divided by sex and by genotype. Overall,
CDO null mice have significantly larger MLI (p=0.027). When compared between genders, only males had a
significant increase in air space (p=0.031). Asterisk indicates p < 0.050. § indicates p < 0.050 across genotype.
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Histological staining reveals elastin breakage

Using VVG staining procedures (Figure 11a-d, ), in which collagen stains red and elastic
fibers (and nuclei) stain black, our histological images illustrate abnormalities in lungs of CDO
null mice. Intima (posterior to the luminal endothelial cells) of both intra-acinar pulmonary
vessels (Figure 11c) and larger pre-acinar pulmonary vessels (Figure 11b right) demonstrate
thickened, fragmented and disorganized elastic fibers in CDO null mice. Fragmentation and
tangled disarray of elastic fibers can be seen throughout the lung parenchyma in CDO null mice
(Figure 11d). VVG staining revealed that the red scuff posterior to the elastic fibers is primarily
composed of collagen. CDO null mice have strands of collagen that are thinner in shape
compared to wild-type mice (Figure 11a and 11b). Figure 11e displays an image stained with
H&E in order to show endothelial cells lining the tunica intima of blood vessels. Endothelial
cells of the blood vessels are identified by the black-stained nuclei (Figure 11e, arrow). In
comparison, Figure 11f is a histological image stained with VVG. VVG stains both nuclei and

elastic fibers black (Figure 11f, arrow).

Further testing with Western blotting confirmed higher levels of MMP-12 (elastase;
Figure 12a) in CDO null mice. Quantification demonstrated significantly higher levels of MMP-
12 (one-tailed t-test; p=0.009; n=6: 3 CDO null males, 3 WT males) in male CDO null mice
compared with male wild-type mice (Figure 13a). However, relative levels of MMP-9
(gelatinase) were inconclusive due to non-specific binding of MMP-9 antibodies to actin
(Western blot data not included). Tissue inhibitors of matrix metalloproteinases (TIMPs) were
also blotted (Figure 12b and 12¢). Quantification (Figure 13b and 13c) revealed that neither

TIMP-1 nor TIMP-3 protein levels were significantly greater in CDO null than in wild-type male
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mice (one-tailed t-test; p=0.080 and p=0.067, respectively). On average, however, TIMP-1
protein levels tended to be higher in CDO null male mice, and TIMP-3 protein levels tended to
be lower in CDO null male mice (Figure 13b and 13c). Quantitative real time RT-PCR indicated
that the MMP-12 mRNA was the only mRNA (out of MMP-9, TIMP-1, and TIMP-3) to have a
large mean fold-increase of 3.22 (Table 2). However, the standard deviation for the MMP-12

mRNA was about 100% of the mean fold-increase (Table 2).
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Figure 11. Histological stains of lung samples from both WT and null CDO mice. Scale bars = 50pum. (a) WT mice
at 100x magnification; (b) Null mice at 100x magnification; (c¢) WT/Null blood vessel in lung 1000x magnification;
(d) Null mice 400x magnification. Black arrowheads point to elastin; (¢) H&E staining shows endothelial cells of
blood vessel where blue arrow points in WT mouse lung; (f) WT mouse lung with VVG staining. Arrow points to
where elastin and nuclei both stain black.
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Figure 12. Western blots of MMP-12, TIMP-1, and TIMP-3 in male WT and CDO null mice. (a) MMP-12 (54
kDa); (b) TIMP-1 (23 kDa); (c) TIMP-3 (24 kDa)
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Figure 13. Quantification of (a) MMP-12; (b) TIMP-1; (c) and TIMP-3 Western blots in male CDO null and WT
mice. All values are normalized for actin. Asterisk indicates p < 0.050.

avg fold stdev
MMP9 0.73 0.29
MMP12 3.22 3.33
TIMP1 0.99 0.21
TIMP3 1.35 0.07

Table 2. Quantitative real time RT-PCR quantitation of MMP-9, MMP-12, TIMP-1, and TIMP-3 mRNA. Data
represents as average fold-change of mRNA along with the standard deviation. (N= 6: 3 male CDO null, 3 male
WT).
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Discussion

Cranial measurements indicated that NL and FL were significantly shorter in CDO null
mice (except the NL of male CDO null mice) compared with wild-type mice. In contrast, NW
and LR were significantly wider in CDO null mice (except the LR of female CDO null mice)
compared to wild-type mice. Perhaps compensatory mechanisms are in play that widen one

structure when another structure is shortened and vice-versa.

Because CDO null mice exhibited distinct nasal/cranial abnormalities and were growth-
delayed (64), a close examination of skeletal structure of mice was performed. Several
phenotypic differences were observed in the skeletal structure of CDO null and wild-type control
mice. Bone growth delay, contorted nasal bone, bone fusion abnormalities, and abnormal
ossification were observed in CDO null mice compared to wild-type mice. One abnormality was
only observed in null mice and was highly predictive of null status; unfused sternebrae 4 and 5
was observed in 33% of null mice but in none of the 23 wild-type mice. In addition, the
presence of a contorted nasal bone and of a medially unfused xiphoid cartilage was significantly
more frequently observed in null mice. A wry nasal bone was observed in 37% of null mice but
in only 9% of wild-type mice, whereas an unfused xiphoid cartilage was observed in 77% of null
mice but in only 26% of wild-type mice. The delay in fusion of sternebra 4 to sternebra 5 was
the most remarkable observation in the CDO null mice, but still not all CDO null mice had

unfused sternebrae 4 and 5 between post natal day 51 and 64.

Interpretations of the stained femur and epiphyseal plate are limited. Differences in body

mass and body composition (i.e. fat, lean, and skeletal mass) may have altered how well a
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particular bone in specimens stained. These same differences may have also affected how well a
particular mouse de-stained. In general, wild-type mice were “heavier” than CDO null mice, and
with heavier mice, there are more skeletal muscle and adipose tissue that have to be overcome by
staining and de-staining. Since all specimens were stained the same number of days, differences
in staining in the femur and epiphyseal plate may be attributed to phenotypic differences (i.e.

body composition) between CDO null and wild-type control mice.

Due to differences in gross appearance of skeletal structures, such as the ribs, and the
preliminary observation of lower density of whole CDO null mice when analyzed by DEXA,
bone mineral density determinations were made on the skeleton. DEXA scanning of the
skeletons revealed no particular differences in bone mineral densities between CDO null and
wild-type control mice. In addition, x-ray imaging results culminated in ambiguous results, with
some CDO null mice displaying prominent hollowness in the femur and with others displaying
no differences when compared to wild-type mice. One potential error in carrying out the DEXA
scanning was the incomplete thawing of all mice specimens, which would have skewed density
readings, as the lower densities associated with particulates of ice crystals would also lower the
bone mineral density readings by the DEXA in non-thawed mice. An error that occurred with
the x-ray scanning was the use of non-standardized film development. Without any calibration,
our x-ray images did not differentiate between null and wild-type CDO mice. These studies

would need to be repeated to make any firm conclusions.

Logically, interests in connective tissue abnormalities extended to interests into other

areas where connective tissue is present. The lung was a promising outlet for our quest. Not
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only is the lung readily assessable, but it is also primarily composed of connective tissues like
collagen and elastin. Initial histological staining of the lungs revealed larger air space volume, as

indicated by significant increases in MLI, and abnormal elastin structure throughout the lung of

CDO null mice.

Our initial hypothesis that matrix metalloproteinase enzymes may be associated with
these observations was confirmed by the observations that elastase (MMP-12) was selectively
up-regulated in lung of CDO null mice. In contrast, expression of gelatinase (MMP-9), TIMP-1,
and TIMP-3 were not significantly affected by genotype. Western blotting confirmed that MMP-
12 protein was significantly increased in null mice, as was the trend for MMP-12 mRNA. An
obvious limitation in the immunoblotting study was the use of only male specimens. In addition,
although immunoblotting allowed quantification of the abundance of MMPs and TIMPs,
definitive confirmation of localized increases in MMPs using immunohistochemical procedures

would be valuable in future studies.

The relations of these phenotypic differences in CDO null mice are presumably related in
some way to the metabolic phenotype generated by loss of CDO, a key enzyme in the oxidative
metabolism of cysteine to its end products, taurine and sulfate. CDO null mice have been
characterized to have extremely low plasma and tissue taurine levels, along with slightly elevated
plasma and tissue cysteine levels, supporting the predictive effects of lacking cysteine flux
through the CDO metabolic pathway (64). Taurine supplementation in CDO null mice improved
survival of male pups with no effect on the phenotype of CDO null mice. Speculations of

cysteine catabolism through an alternative pathway, namely the desulthydration pathway, arose
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when plasma sulfate (downstream product of cysteine catabolism) and sulfide were found to be
slightly elevated in CDO null mice compared with wild-type mice. Sulfide is a product of
cysteine catabolism through the cystathionine B-synthase and cystathionine y-lyase
desulthydration pathways. Hydrogen sulfide (H,S) has dual roles as a signaling molecule and as
a toxicant. Thus, pathology seen in connective tissue of CDO null mice may be associated with
dysregulation of H,S. Yet studies have implicated beneficial effects of H>S. H»S use has been
suggested as a therapeutic agent for lung injury (50). Whether or not H,S affects skeletal

structures is not known.

CDO null mice also have decreased levels of hepatic cytochrome c oxidase, an enzyme
involved in the electron transport chain (64). Compounding lower levels of hepatic cytochrome
c oxidase in CDO null mice is the inhibitory effects of H,S on cytochrome ¢ oxidase (51).
Altogether, this suggests a possible effect of the alteration in the electron transport system of

CDO null mice on its phenotype.

A hypothesized link between loss-of-function mutations in CDO and the incidence of
rheumatoid arthritis has existed for several decades and was largely based on observed increases
in the cysteine-to-sulfate ratio in the plasma and low levels of sulfate in synovial fluid of patients
with this disease (52). High plasma cysteine-to-plasma inorganic sulfate ratios were presumed to
alter sulfate conjugation reactions, providing a clear link to the highly sulfated proteoglycans in
the extracellular matrix or connective tissues (52,55,56). The observations on the CDO null
mouse, however, suggest that loss-of-function mutations of CDO do not cause a depletion of

sulfate, at least in mice. Cysteine-to-sulfate ratios in CDO null mice did increase slightly, due to

31



Jimmy Lam
DNS Honor’s Thesis

the greater accumulation of cysteine than of sulfate, whereas the cysteine to taurine ratios were
dramatically higher in null mice and would seem to be a much better indicator of lack of CDO
activity. In addition, damage observed in CDO null mice could be associated with the increased
production of H,S and other reduced sulfur compounds (e.g., persulfides) due to the block in the
conversion of cysteine to cysteinesulfinate and cysteinesulfinate’s further metabolism to

hypotaurine/taurine and sulfite/sulfate.

Other studies have found that cysteine drives the synthesis of pro-inflammatory
leukotriene-cysteinyl adducts, which have a function in the proliferation and contraction of
smooth muscle cells in the lung, migration of eosinophils, and damage to the mucus layer of the
lung (57,58,59). Recruitment of eosinophils to the lung, along with their activation, releases
effector inflammatory cytokines and growth factors like interleukin-1 (IL-1), tumor necrosis
factor- a (TNF-a), transforming growth factor- f (TGF-f), and vascular endothelial growth
factor (VEGF). These effector molecules have been demonstrated to up-regulate the
transcription of MMP-12 (60,61). Since the predictive effect of up-regulating the transcription
of MMP-12 is the increase in elastin breakdown, the up-regulation of MMP-12 transcription may
explain the pathology seen in our CDO null mice. During inflammatory responses, H,S has been
suggested to play a role in recruiting neutrophils (62). Increases in MMP-12 in our lung
specimens may be a result of increased neutrophil accumulation in CDO null mice since
neutrophils secrete MMP-12 upon activation. Moreover, the pathology of the lungs of CDO null

mice may exacerbate conditions through resistive breathing patterns in the mice.
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Inspiratory resistive breathing patterns up-regulate cytokine production of interleukin-6
(IL-6), TNF-a, and interleukin-2 (IL-2) in the diaphragm (63). Abnormal lung histology of the
CDO null mice suggests an impaired ability to breathe in these same mice, which may perpetuate
the pathology of CDO null mice lung; inflammatory cytokines induced upon resistive breathing
up-regulate the expression of MMP-12, which may result in the disarray seen in CDO null mice
lung histology. Further work may be conducted to understand the connection between resistive

breathing pattern and the pathology of the CDO null mouse.

To better understand the connection between CDO null mice and connective tissue
pathology, work on establishing the function of impairments in the CDO catabolic pathway on
skeletal development should also be conducted. Furthermore, investigating how abnormal
taurine, cysteine, and sulfide levels in CDO null mice are associated with the inflammatory up-
regulation of MMPs would highlight key cytokines responsible for MMP up-regulation in CDO
null mice. This study only investigated two select MMP proteins out of the 25 or more MMPs
that are known to exist. Similarly, only two of the four TIMPs were studied. Other venues of
interest should be directed towards the investigation of which MMPs and TIMPS have prominent

associations with CDO null mice morphology and pathology.
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