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Abstract

Cystathionine p-synthase (CBS) deficiency (Online Mendelian Inheritance in Man [OMIM]
236200) is an autosomal recessive disorder that is caused by mutations in the CBS gene. It is the
most common inborn error of sulfur metabolism and is the cause of classical homocystinuria, a
condition characterized by very high levels of plasma total homocysteine and methionine.
Although recognized as an inborn error of metabolism over 60 years ago, these is still much we do
not understand related to how this specific metabolic defect gives rise to its distinct phenotypes. To
try and answer these questions, several groups have developed mouse models on CBS deficiency.
In this article, we will review various mouse models of CBS deficiency and discuss how these
mouse models compare to human CBS deficient patients.
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1. Introduction to human CBS deficiency

Cystathionine beta synthase deficiency (Online Mendelian Inheritance in Man [OMIM]
236200) is an autosomal recessive disorder that is caused by mutations in the CBS gene [1].
It is the most common inborn error of sulfur metabolism and is the cause of classical
homocystinuria, a condition initially characterized by very high levels of homocystine in the
urine [2]. Homocysteine is an intermediary amino acid metabolite that lies a critical junction
point in methionine, folate, and cysteine biosynthesis (Fig. 1). Because homocysteine is a
thiol with a reactive sulfur group, it can form disulfide bonds with a variety of thiol
compounds including homocysteine, cysteine (both free and protein bound), and glutathione
(Fig. 2). Today, most clinical labs measure total homocysteine (tHcy) in which samples are
first treated with a reducing agent to break all disulfide bonds, thus allowing all
homocysteine species to be liberated [3].

CBS catalyzes the condensation of homocysteine with serine to form cystathionine, which is
cleaved by the enzyme cystathionine &-lyase to produce cysteine [4]. In the absence of CBS,
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homocysteine accumulates in tissue and is exported into the blood. In untreated patients,
tHcy levels increase more than 10 to 20-fold, going from 10 uM to at least 300 uM [5]. CBS
deficient patients can also have greatly elevated plasma methionine (Met), in some cases as
much as 50-fold normal. This increase in Met is the basis for most neonatal screening for
CBS deficiency [6]. CBS deficient patients also have a tendency for decreased plasma
cystathionine, decreased total cysteine (tCys), increased S-adenosylmethionine (SAM), and
increased S-adenosylhomocysteine (SAH) [5]. The incidence of CBS deficiency varies
greatly by country and the methodology used to estimate severity. For western countries, the
overall estimate is around 1/100,000 [7]. The highest reported frequency (1/1,800) is in the
country of Qatar, due to a founder mutation and high consanguinity rates [8]. Untreated
CBS-deficient patients suffer from various pathologies including thrombosis, osteoporosis,
mental retardation, and dislocated lenses [9]. They often exhibit marfanoid habitus and are
sometimes mistaken for individuals with mutations in fibrillin 1 [10]. Dislocated lenses
(Ectopia lentis) are the most common finding in CBS deficiency, with greater than 90% of
patients exhibiting this phenotype by age 25. Because this is an unusual finding in young
people, it is often the way that patients are first identified [11]. Osteoporosis, as detected by
radiography of the lumbar spine, is also quite common, appearing in over half the untreated
patients by age 20 [9]. The major cause of morbidity in patients is thrombosis, with about
50% of untreated patients having a thrombotic event by age 30. Histopathologic and
ultrasound studies show that homocystinuric patients have substantial narrowing of both
major and minor vessels due to increased intima-media thickness [12]. Finally, CBS
deficient patients have been reported to have a variety of central nervous system phenotypes
including mental retardation, personality disorders, and behavioral abnormalities [13].

Treatment strategies for CBS deficiency generally focus on ways to lower the patients’ tHcy,
as this seems to be the best predictor of clinical severity. Some patients can achieve lowering
by giving pharmacologic doses of pyridoxine (vitamin Bg), the precursor to pyridoxal
phosphate, which is a co-factor for the CBS enzyme [14]. These so-called “Bg-responders”
generally produce mutant CBS proteins that have some residual enzyme activity [15], but the
exact mechanism behind pyridoxine response is not well understood. For patients that do not
respond to pyridoxine, a low-methionine diet in combination with B-vitamins is used to
control tHcy levels [16]. While this approach can be effective, compliance with a low-
methionine diet can be difficult. Betaine supplementation has also been used to lower tHcy
levels [17]. This therapy works by stimulating the alternative remethylation pathway that
utilizes the enzyme betaine-dependent homocysteine methyltransferase (BHMT) to convert
homocysteine to methionine (Fig. 1). In addition, some patients are also given
supplementation of cysteine, as cysteine and its downstream product glutathione are
important in protecting cells from oxidative stress. In clinical practice, many of these
strategies will be tried together along with regular monitoring of tHcy. Regardless of the
exact treatment, it is clear that treated CBS deficient patients have significantly fewer
clinical problems than untreated patients [11, 18].

2. Mouse model of CBS deficiency: Overcoming neonatal lethality

The first mouse model for CBS deficiency was created in 1995 [19]. In this model, exons 3
and 4 of the mouse Cbs gene were replaced with a neomycin gene as a selectable marker in
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a C57BL6 strain background. Homozygous animals were born about half as often as
expected, but the vast majority of these animals (>90%) died between two and four weeks
after birth. Using this same model, Maclean et al., observed an even more severe shortage of
homozygous animals, only appearing at 33% of the expected frequency [20]. In our lab,
where we genotype animals at 10-14 days of age, we too have noted a shortage of
homozygous animals, with 23% fewer than the expected number and a mortality rate at five
weeks greater than 90% (W.K., unpublished). The slight differences in the rate of
homozygous animal production may have to do with differences in how the animals are
housed, at what age they are genotyped, and other environmental differences that may occur
at different facilities. Treatment of parent mice with betaine-laced drinking water (2%) had
extremely modest effects on increasing the number of Cbs™~ animals born and did not
appear to increase their median survival [20].

The cause of the neonatal death is liver failure. Moribund Chs™~ mice exhibit severe fibrosis
and neutrophil invasion [19, 20]. Surviving Cbs™~ mice exhibit hapatomegaly with profound
steatosis and evidence of early fibrosis [20]. They also show significantly elevated levels of
ALT. Livers of surviving Cbs™~ mice express elevated levels of profibrogenic and
proinflammatory factors such as TNF-a and IL-6 [21]. Although neonatal Cbs™~ mice have
extremely elevated plasma tHcy (>200 uM), it is not clear if the tHcy itself is directly
responsible for the liver failure (see below). It should also be noted that liver damage
associated in human CBS deficiency seems to be quite rare [22].

To overcome the issue of neonatal lethality, our lab created a transgenic mouse in which the
human CBS encoding cDNA was placed downstream of the mouse metallothionein
promoter ( 7g-hCBS) [23]. These mice were then crossed to the Maeda knockout strain to
generate heterozygous transgene positive animals ( 7g-7CBS Cbs*/"), which were then
intercrossed on zinc water to generate 7g-hCBS Cbs™~ mice. These animals are born in the
expected Mendelian ratio and have near 100% survival through adulthood. While on Zinc,
female 79-hCBS Chbs™~ mice have serum tHcy that is only slightly elevated, but when zinc
is removed, these levels increase to a mean of 190 uM. Male 7g-ACBS Cbs™~ animals are
more variable with regards to transgene induction by zinc for reasons that are not known.
Long-term studies show that 7g-#CBS Cbs™~ mice maintained on normal water from
weaning have a median survival of 927 days, no different than sibling heterozygous animals
[24].

Our lab also found that expression of a CBS transgene containing a patient derived 1278T
mutation can also rescue neonatal lethality [25]. 7g-/278T Cbs™~ mice have mean tHcy
levels around 290 uM even when placed on zinc water [24]. Since the levels of tHcy in 7g-
1278T Cbs™~ mice are comparable to those observed in the few non-transgenic Cbs™~ mice
that make it into adulthood [25], this suggests that high tHcy levels may not be the direct
cause of the acute liver failure and high neonatal lethality rates observed in non-transgenic
Cbs™~ mice. Unlike the Maeda survivors, adult 7g-/278T Cbs™'~ mice have normal looking
livers, with very limited amounts of steatosis, and only a small elevation in ALT ([25] and
WK, unpublished). However, 7g-/278T Cbs™~ mice have a shorter median lifespan than 7g-
hCBS Cbs™~ mice (both on regular water) and have several other phenotypes that are either
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not found or greatly reduced in 7g-ACBS Cbs™~ mice [24]. These phenotypes will be
discussed in more detail later.

A different transgenic strategy to rescue neonatal lethality was used by the Patterson/Kraus
labs. Initially, a transgenic mouse was created by injecting a bacterial artificial chromosome
(BAC) with the entire human CBS gene into the mouse germline [26]. This mouse was then
crossed with the Maeda knockout mouse to generate mice lacking mouse Cbsand containing
the BAC transgene [27]. Intercrossing these animals to homozygosity for Cbs™ resulted in
the production of the HO (“human only”) mouse. These mice have low but detectable levels
of CBS activity in liver, kidney and brain. Significantly, these mice show no signs of
neonatal lethality and at least half are alive at one year of age. Like 7g-/278T Cbs™~ mice,
they also have only a modest increase in ALT and show very limited liver pathology [27].
One issue with these mice is that they seem to have high variability with regards to tHcy
levels ranging from 56-300 uM [28]. The reason for this variability is not known.

A final strategy to overcome neonatal lethality has been to cross the Maeda knockout allele
into different mouse strain backgrounds. Akahoshi et al. compared survival rates of Cbs
homozygotes in four different strain backgrounds; C57/BL6J, BABL/cA, C3H/HeJ, and
DBA/2J. Survival rates at 8 weeks were; 7.7%, 20%, 30.8%, and 0%, respectively [29]. The
strain with the highest survival rate, C3H/HeJ, did have the lowest tHcy levels at two weeks,
but the second most viable strain, BABL/CA, appeared to have increased tHcy relative to
C57/BL6J, suggesting that tHcy levels are not the only reason for the differential survival.

The effects of tHcy lowering by treatment with betaine-laced (2%) drinking water has been
performed on three different models. The original Maeda Cbs™~ mice fail to respond to
betaine, while both the H/O mice and 7g-/278T Cbs™~ mice showed significant lowering of
plasma tHcy [30, 31]. Since the HOand Tyg-/278T Cbs™~ mice show much less liver
damage compared to the Maeda Chs™~ animals, it is possible that betaine lowering is
dependent on good liver function. Also, it has been observed that the effectiveness of betaine
treatment seems to decline over time [30].

3. Metabolic sequelae

Human CBS deficiency is characterized by extreme elevations in both plasma tHcy and Met.
In all the mouse models, tHcy is severely elevated, in most cases even higher than the human
patients (Table 1). In adult mice, Met are fairly normal except in the 7g-/278T Cbs™~ model
where they are slightly elevated [24]. The lack of hypermethioninemia may be partly due to
the fact that normal mouse serum Met levels are already elevated compared to humans (22.4
vs. 60 uM) [32, 33]. However, it has been observed that two-week old CBS-deficient mice
have much higher plasma Met levels, suggesting that the level of Met elevation may be
related to developmental stage [29, WK unpublished]. It has not been reported if the degree
of hypermethioninemia in human CBS deficient patients varies with age. CBS-deficient
mice, like humans, have elevated plasma/serum SAM and SAH and reduced SAM/SAH
ratio [5, 20, 34-36]. These changes are also observed in mouse tissues including liver, brain,
heart, and kidney [37].
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There are differences regarding plasma/serum cystathionine levels in human and certain
mouse models of CBS deficiency. In control mice, plasma/serum cystathionine levels are
about six-times higher than in human patients. In human CBS patients, median serum
cystathionine is about 25% of that found in control individuals, with more than half the
patients with levels below the lowest value in the control range [5]. However, in both HO
and the 7g-hCBS Cbs™~ models, cystathionine levels are actually elevated compared to
control mice [24, 27]. In the case of HO mice, this elevation is 400% that of wild-type. Since
these mice have extremely low levels of CBS activity, it has been hypothesized that this
increase may be due to inhibition in cystathionine gamma-lyase (CGL) activity by
homocysteine. Consistent with this idea is the finding that lowering tHcy in /O mice with
betaine resulted in a three-fold decrease in cystathionine levels [27]. Interestingly, HO mice
are resistant to hepatic steatosis induced by either a methyl deficient diet, or the ER stress
agent tunicamycin [36]. In addition, inhibition of CGL by the inhibitor proparaglycine
(PPG) attenuates steatotic renal enlargement in wild-type mice treated with tunicamycin.
These findings seem to imply that cystathionine has cellular function in addition to its role
as an intermediary in methionine synthesis.

With regards to downstream metabolism, total plasma/serum cysteine (tCys) levels are also
lower in both human and mouse models of CBS deficiency (Table 1), roughly about a 50%
reduction. 7g-/278T Cbs™~ mice also have decreased levels of liver glutathione (GSH), the
major intracellular anti-oxidant [38]. However, it is unlikely that the lower level of cysteine
observed in blood is a direct consequence of lack of transsulfuration activity. It has been
shown that treatments that lower tHcy in Cbs™~ animals, such as dietary methionine
restriction or betaine supplementation, actually raise tCys even though these treatments have
no ability to increase flux from methionine [27, 39]. Also, cysteine is abundant in mouse
chow. The more likely explanation is that the loss of cysteine is due to excretion of
homocysteine-cysteine mixed disulfides in urine. In the /O mouse model, plasma and
hepatic taurine levels were also shown to be lower [40]. This was accompanied by a large
decrease in the steady state level of cysteine dioxygenase and an increase in cyteinesulfanate
decarboxylase protein. Interestingly, taurine supplementation could entirely reverse these
effects. Whether these cysteine downstream effects are found in human patients is unknown.

Cbs deficient mice also show elevation in homocysteine thiolactone (HTL). Hcy can be
converted to HTL as a result of the error-editing function of some amino-acyl-tRNA
synthase enzymes [41]. HTL, which contains an internal thioester, is extremely chemically
active and reacts with the free amino group of lysine residues in proteins, forming a stable
isopeptide bond [42]. CBS-deficient patients have at least a 20-fold increase in plasma HTL
and in N-homocysteinylated plasma proteins [43]. Like humans, both 7g-/278T Cbs™~ and
T9-hCBS Chbs™~ mice (regular water) have significantly increased levels of N-
homocysteinylated protein in both plasma and liver compared to sibling heterozygous and
wild-type control animals [44]. The greatest increase was observed in the livers of 7g-/278T
Cbs™~ mice, with a 12-fold increase in the levels of N-homocysteinylated protein. However,
it should be noted that even in extreme cases, like 7g-/278T Cbs™~ mice, the overall amount
of N-homocysteinylated lysine in protein is small; perhaps, 0.5% of all protein incorporated
lysine. Given the fact that most lysine is not N-homocysteinylated, it remains an open
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question as to whether this modification is responsible for the /n vivo phenotypes observed
in hyperhomocysteinemic humans and mice.

Chbs deficient mice also exhibit alterations in liver lipid profiles. Maclean and colleagues
found that the original Maeda Cbs™~ mice have significantly reduced levels of
phosphotidylcholine and phosphotidylethanolamine (PEMT), a key SAM-utilizing enzyme
that produces phosphatidylcholine. However, HO mice do not show this reduction,
suggesting that this is secondary to liver damage [45]. Consistent with this finding are earlier
studies that showed that two-week-old Watanabe mice exhibiting steatosis had significantly
altered hepatic lipid profiles, but these differences were much less severe in eight-week-old
survivors that showed much less steatosis [46].

4. Skeletal, fat mass, and hair abnormalities

The appearance of untreated CBS deficient patients often resembles that of individuals with
Marfan syndrome, characterized by arachnodactyly, scoliosis, low BMI, and reduced fat
[47-49]. Adult patients with CBS deficiency show radiologic evidence of osteoporosis or
decreased bone mineral density [50]. In surviving Maeda Cbs™~, radiography was used to
show that these animals had kyphoscoliosis and temporal shortening of long bones [51]. In
the 7g-/278T Cbs™~ mouse model, micro-CT studies showed reduced bone density in the
femur epiphysis and vertebrate of animals as young as six months old [24]. However, in 7g-
hCBS Chs™~ mice, which have significantly lower tHcy, no differences were observed. Duel
X-ray absorptiometry on 240 day old 7g-/278T Cbs™~ mice showed a decrease in bone
mineral density (BMD) of 12% in males and 9% in females [52]. These same studies reveal
that fat mass, but not lean mass, is significantly reduced in these animals. Dietary
intervention studies show that both the low BMD phenotype and loss of fat mass could be
reversed by a low methionine diet, which lowered mean tHcy from 357 to 81 pM [39].
However, betaine supplementation, which only lowered tHcy to 159 uM, was not as effective
in reversing the phenotype [31]. These findings suggest that, in mice, there is a tHcy
threshold that must be crossed before either osteoporosis or loss of fat mass can occur.
Interestingly, in humans, it appears that patients who are compliant with treatment also have
minimal changes in bone mineral density overtime [53, 54].

Some mouse models of CBS deficiency show a distinct facial alopecia phenotype. This has
been observed in both non-transgenic Cbs™~ survivors and in the 7g-/278T Cbs™~ mice on
the C57BL6 background [25, 55]. Histopathological studies indicate that Cbs™~ mice have
wrinkled skin that is characterized by hyperkeritinosis of the epidermis and thinning of the
dermal layer. Also, the mean diameter of the hair is significantly reduced. In 7g-/1278T
Cbs™~ mice, the facial alopecia first becomes apparent between 105 and 120 days of age and
becomes more noticeable as the animals age [52]. The alopecia phenotype can be entirely
eliminated by feeding the animals a low methionine diet after weaning [39]. The alopecia
phenotype is much weaker in transgenic Cbs™~ mice in the C57BL6 background with tHcy
levels lower than 250 UM [24, 34]. This phenotype has not been reported in either HO mice
or Cbs™~ mice on other strain backgrounds. Interestingly, hair and skin phenotypes have
also been noted in human CBS deficient patients, and in some cases, these phenotypes
subsided upon treatment [56-58].
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5. Eye phenotypes

One of the most frequent and earliest clinical signs of human CBS deficiency is the presence
of a dislocated lens (ectopia lentis) caused by the fraying and disruption of the zonular fibers
around the lens. Less frequent eye problems include glaucoma, optic atrophy, retinal
degeneration/detachment, cataracts, and corneal abnormalities. It has been observed that
about 20% of Cbs™~ mice show defects in lens opacity (Amany Twfik, personal
communication). In addition, there seems to be defects in the retinal architecture. Three-
week-old Cbs™~ mice have a seven-fold elevation of tHcy in the retina and have distinct
alterations in retinal architecture and abnormal electroretinograms [59, 60]. Follow-up
studies indicated that there was vascular leakage in the retina as determined by angiography
[61]. More recently, it has been shown that Chs™~ mice have altered retinal pigment
epithelial structure [62].

6. Thrombosis and vascular function and CBS deficiency

In humans, the major cause of morbidity and mortality in CBS deficient patients is vascular
thrombosis, and this has also been examined extensively in mice. These studies have
involved characterization of thrombus formation, endothelial function, and atherosclerotic
plaque formation. We will examine each of these areas below.

The most extensive studies examining thrombus formation have been performed in the 7g-
1278T Cbs™~ mouse model by Dayal and colleagues [63]. They found no difference in the
rates of either arterial or venous thrombosis using a photochemical injury model in the
carotid artery, a chemical injury model in both the carotid artery and mesenteric arterioles,
or in a ligation model of the inferior vena cava. They also observed no differences in the
mice’s hematologic profiles or in tail bleeding times. In contrast, Maclean et al. reported that
the HO mice (but not the original Maeda strain) had decreased clotting times as assessed by
tail vein bleeding assays [27], and that these effects could be partially reversed by treatment
with betaine. Given the difficulties in standardizing and interpreting tail bleed data [64], the
lack of reported changes in any of the other hematological parameters, and the fact that the
shorter tail bleed times were only observed in HO mice, we think that this observation needs
to be repeated in other models.

The vascular endothelium plays an important role in regulating proper haemostatic balance.
Assays for endothelial function usually involve the isolation of a section of a blood vessel
and examining contraction in response to agonists such as acetylcholine. Using this type of
assay, Wang and colleagues reported that small mesenteric arteries from 7g-hCBS Cbs™~
mice (—Zn) exhibited reduced levels of contraction in response to acetylcholine, and
presented evidence that this was caused by homocysteine-induced oxidative stress [65].
Similar endothelial dysfunction was also observed by Dayal in cerebral arterioles [63].
Taken together, these studies do seem to suggest CBS deficient mice do have some
endothelial dysfunction.

Cbs™~ mice have also been examined specifically for atherosclerosis. Since mice normally
do not develop atherosclerosis, it is first necessary to create an atherosclerosis prone animal.
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In this case, this was achieved by crossing transgenic 7g-7CBS Cbs™~ mice to the ApoE™~
mouse model of atherosclerosis [66]. 7g-hCBS Cbs™~ ApoE~~ (not on zinc) develop larger
atherosclerotic lesions and show increased numbers of Ly6C+ monocytes in the lesions. In
plasma, Tg-hCBS Cbs-/- ApoE~~ had increased levels of the proinflammatory cytokine
TNFa, the chemotactic factor MCP-1, and elevated numbers of Ly6Ch/mid peripheral
monocytes. These studies, in combination with diet-induced models of
hyperhomocysteinemia [67], suggest that tHcy induced vascular problems in humans may be
related to its effect on inflammatory processes.

Loss of Cbsin mice also affects certain proteins associated with HDL function. Cbs null
mice have reduced plasma levels of paroxynase and arylestase activities, but /O null mice
do not [28]. However, HO mice show reduced levels of hepatic apoA-1, a key component of
HDL. These reduced apoA-1 levels can be partially rescued by treatment with betaine.
Interestingly, these findings in mice have also been confirmed in the plasma human CBS-
deficient patients, with treated patients having higher apoA-1 levels than untreated patients.
These studies are particularly interesting as they show the usefulness of the mouse model for
identifying potentially new phenotypes in human patients.

7. Brain phenotypes

Several neurologic phenotypes in human CBS deficient patients have been described
including developmental delay and a variety of psychiatric problems including personality
disorder, anxiety, depression, obsessive-compulsive behavior, and psychotic episodes [13,
68]. Two and ten-week old Chs-deficient mice in both the C57BL6 backgrounds have been
reported to have cerebellar malformation as characterized by small lobules and small
intercrural fissures. However, Cbs-deficient mice in the C3H/HeJ background showed only
small fissures, but not small lobules. Behavioral analysis of Cbs™~ mice on the C3H/HeJ
background revealed no differences in open-field, hole-board, and elevated maze tests.
However, Cbs™~ animals did perform significantly worse on a passive avoidance step-
through test designed to examine learning and memory.

There have also been reports of altered levels of specific brain proteins in Cbs™~ mice.
Overall protein arginine methylation was decreased in the brains of 7g-/278T Cbs™~[37]. It
has also been shown that upregulation of 5-liooxygenase protein and mRNA, which is
observed in human Alzheimer’s disease, is observed in these same mice [69]. Perhaps most
interestingly, it has been shown that the dentate gyrus region of the hippocampus of 7g-
1278T Cbs™~ mice has elevated levels of the Alzheimer’s disease markers phospho-Tau and
amyloid [70]. The same study also observed a 2.5-fold increase in degenerating neurons in
Cbs™~ brains. It is not known if these findings are relevant to human patients.

8. Pyridoxine response and mice

Nearly half of human CBS deficient patients show significant lowering of plasma tHcy in
response to pharmacologic doses of pyridoxine [71]. Specific mutations in the CBS gene
seem to be associated with pyridoxine response, such as 1278T or R266K [72, 73]. Despite a
large amount of research, the exact mechanism by which pyridoxine lowers tHcy is not
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known. A large number of /n vitro studies, using either cell extracts or purified mutant
proteins, have failed to consistently show an increase in CBS activity in the presence of
excess pyridoxine or pyridoxal phosphate [74, 75]. The most consistent finding is that the
presence of some level of detectable residual activity is required for pyridoxine response
[15].

The 1278T alteration is the most common pyridoxine responsive mutation observed in CBS
deficiency. In 7g-/278T Cbs™~ mice, the mutant protein is expressed in the liver and kidney
and generally exhibits 1-5% of the specific activity of wild-type human CBS [25, 75]. This
lack of activity is associated with decreased levels of tetramer formation as judged by native
gel electrophoresis. When 7g-/278T Cbs™~ mice were given pyridoxine at 19.5 mg/kg/day
via their drinking water, there was no significant change in serum tHcy despite an 8-fold
increase in the level of serum PLP. Thus, the mouse model behaves consistently with respect
to the studies done in all other systems.

It is interesting that while pyridoxine does not seem to enhance 1278T CBS activity, other
genetic and pharmacologic treatments can. In yeast, it was shown that cis-acting second site
suppressor mutations, such as deletion of the C-terminal 142 amino acids or specific point
mutations in the C-terminal regulatory domain, could restore function to 1278T CBS protein
[76, 77]. Later studies showed that addition of pharmacologic chaperones to the yeast media
or genetic manipulation of certain heat shock proteins could also restore function [78-80]. In
79-1278T Cbs™~ mice, treatment with the proteasome inhibitors bortezomib and ONX0912
could restore significant enzymatic function and lower tHcy levels [81]. These treatments are
also associated with over expression of the Hsp70 chaperone protein. These findings indicate
that it is possible to significantly stimulate enzyme activity 1278T protein in a mouse liver.
We speculate that subtle differences in the intracellular folding environment between human
and mouse liver may help explain the lack of pyridoxine response, but clearly additional
experiments will have to be performed to get at the bottom of this problem.

9. Concluding remarks

Overall, mouse models of CBS deficiency have proven to be a good, but not perfect models
for human CBS deficiency. An unexpected problem is that homozygous null mice, unlike
humans, have a large degree of neonatal lethality caused by liver failure. Fortunately, this
problem can be solved by expressing either low levels of wild-type or mutant human CBS
proteins. The resulting models are best at mimicking the metabolic sequela of the disease
and seem to do a good job presenting similar skeletal defects and body composition
differences. The mice also seem to be a good system to study the effects of dietary
alterations on these phenotypes. For example, mice on a low methionine diet, like treated
human patients, show a significant reduction in homocysteine-related phenotypes. With
regards to vascular effects, the mouse models clearly show vascular differences, but, unlike
the human condition, it is not a major source of morbidity. The reason for this probably has
to do with innate differences between humans and mice with regards to the clotting cascade
and atherosclerosis in general. Specifically, plaque rupture, the main source of thrombotic
events in humans, is almost never observed in mice. The dislocated lens phenotype is
another phenotype that is not observed in the mouse models. However, mouse models for
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Marfan syndrome also fail to show defects in lenses, suggesting that the lens structure in the
mouse is somehow different than that in humans. Perhaps the biggest mystery is the inability
to replicate the pyridoxine responsiveness of the human 1278T allele when expressed in
mice. Whether this is due to differences in pyridoxine metabolism or differences between
the intracellular folding environment of mouse and human liver is unknown.
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. One sentence summary: In this review we compare and contrast several
mouse models of human CBS deficiency to each other, and to the human

condition.
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Fig. 1.
Homocysteine metabolism. Metabolites are in black, while key enzymes are shown
underlined and in red.
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