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Mouse Huntington’s Disease Homolog
mRNA Levels: Variation and Allele Effects
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Huntington’s disease homolog (Hdh) mRNA levels in mice with different Hdh alleles were measured. Brain
Hdh mRNA levels varied up to threefold in genetically identical wild-type mice, indicating nongenetic factors
influence Hdh expression. Striatal Hdh mRNA levels from an allele with a repeat expanded to 150 CAGs were
diminished compared with wild-type and showed variation that might contribute to phenotypic variability in the
Hdh(CAG)150 knock-in mouse model. To determine whether Hdh mRNA levels are tightly regulated, we assessed
these levels in mice heterozygous for a deletion of the Hdh promoter. The loss of one allele reduced Hdh mRNA
levels in most tissues, suggesting mechanisms to maintain Hdh mRNA levels are not in effect and should not
impede therapies designed to destroy mutant huntingtin mRNA. Finally, we found a correlation between tissue
mRNA levels and the susceptibility of the Hdh locus to Cre-mediated deletion. The two tissues with the highest
levels of Hdh mRNA, testes and brain, were the only tissues susceptible to Cre-mediated recombination between
loxP sites at Hdh locus. In contrast, the same Cre-expressing line caused recombination in every tissue for loxP
sites at another genomic location. The pattern of Cre susceptibility at Hdh suggests a correlation between chro-
matin accessibility and high levels of Hdh expression in testes and brain.
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HUNTINGTON’S disease (HD) is a late onset neuro- of onset as heterozygotes with similar repeat lengths,
homozygotes exhibited a more severe clinical courselogical disease caused by an expanded CAG repeat

in the HD locus (24). Alleles with greater numbers (35,44,50). Furthermore, immunocytochemical HD
staining is greater in populations of neurons knownof CAGs correlate with earlier onset and death of HD

victims (24). For a given repeat size, however, there to be sensitive to the effects of the mutation (16).
These findings are consistent with the view that HDis a great amount of variability in age of onset, clini-

cal severity, and age at death (2,7,15,41,45). There expression levels modulate pathology. Thus, one po-
tential therapeutic strategy has been to design aare many factors that have been proposed that might

explain such interindividual variations, including dif- method of reducing levels of mutant HD gene prod-
uct (6,8,34,37,53).ferences in levels of HD gene expression (12,16).

Several lines of evidence suggest higher levels of mu- HD gene expression might also change in response
to internal or external stimuli. The HD promoter andtant HD gene product lead to greater pathology. For

example, mice with higher amounts of HD transgene its mouse homolog have binding sites for transcrip-
tion factors AP2, Sp-1, and HIF-1 (12,23,29). Be-expression show earlier and more severe phenotype

for a given repeat length (39). Homozygous knock-in cause these factors alter the transcript level of several
loci in response to different environmental condi-mice with 110 or 150 CAGs exhibit an earlier onset

of abnormalities than heterozygotes (30,51). In hu- tions, they are likely to act in a similar manner at
the HD locus (17,22,25,26,31,47). Furthermore, rodentmans, however, the role of HD gene expression levels

in disease pathology seems more complicated. Al- HD expression levels are controlled by developmental
stage and by physiological state (4,21). For example,though, homozygous HD victims have similar ages
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rat HD mRNA levels in the arcuate nucleus of the colony, were housed separately for most of their lives
(except when breeding), and they were combined intohypothalamus increases sevenfold after giving birth

(21). Also chemical treatment alters Huntington’s one cage for at least 1 week prior to sacrifice. Mice
harboring the Hdh(CAG)150 allele and the HdhHprt alleledisease homolog (Hdh) gene expression. The iron

chelator deferoxamine mesylate increases Hdh pro- (promoter and exon 1 deletion of Hdh) were described
previously (10,30). To create the Hdhflox allele a gene-tein levels fourfold in ES cells (23), and glutamate

analog excitotoxins administered to mouse brain af- targeting construct was prepared containing the pro-
moter and wild-type exon 1 of Hdh with the sequencefect both Hdh mRNA and protein levels (9,46). The

possibility of environmental control of HD gene ex- 5′-AATTT CCTAA GGATA ACTTC GTATA ATGTA
TGCTA TACGA AGTTA T-3′ into the EcoRI sitepression raises hopes that reduction of expression

therapy might be achieved without having to design just upstream of wild-type Hdh exon 1 and the se-
quence 5′-CTAGC CTAAG GATAA CTTCG TATAAnew methods for delivering therapeutic agents to af-

fected brain regions of HD victims. TGTAT GCTAT ACGAA GTTAT-3′ into the SpeI
site in intron 1. These constructs were used in theThe classical means of establishing the existence

of such environmental factors relies on an assessment repeated targeting system for Hdh we described pre-
viously (10). Each added oligonucleotide has aof phenotypic variability while controlling experi-

mental and genetic variation. Experimental variation Bsu36I site in addition to the loxP site, which was
used to confirm gene targeting. Mice were made bycan be measured by repetition of an assay. Genetic

variation can be controlled by assessing a large num- injecting targeted ES cells into blasotcysts. Function-
ality was shown by mating mice with Hdh loxP sitesber of genetically identical individuals. In human

populations, the study of monozygotic twins has re- to mice expressing Cre driven from a CMV promoter
and confirming the deletion by Southern analysisvealed profound genetic influence in age of onset,

clinical features, and age of death for HD (20). Such (data not shown). The Cre recombinase gene was
cloned by PCR from bacteriophage P1 DNA (a giftstudies have not ruled out environmental influences

that were shared by each twin pair. Furthermore, at from NP Higgins). This sequence was modified by re-
placing the starting ATG with the synthetic oligonu-least one monozygotic pair exhibited a number of dif-

ferences in clinical features of HD (18). These twin cleotide (GCCAA TATGG GATCG GCCCC AAAAA
AGAAG AGAAA GGTAG AA) that contains a Ko-studies did not report levels of HD gene product, a

difficult task given differences that are known to oc- zak start site (underlined) and an NLS. The modified
Cre was inserted into the pTre vector (Clontech) us-cur due to handling of postmortem human tissues

(16). In this study, we have taken advantage of an ing EcoRI and XbaI restriction sites such that the
minimal CMV promoter and mulitmerized tet opera-inbred strain of mice to provide large numbers of

genetically identical subjects whose tissues were tor sites of pTre could drive transcription of Cre. The
transgene was removed from the plasmid backboneprepared in a controlled manner. Using quantitative

real-time PCR (qRT-PCR) we have determined that using XhoI and HindIII digests and injected into the
pronuclei of 0.5-day-old C57BL/6 J embryos beforemRNA levels of the mouse HD homolog (Hdh) in

inbred C57BL/6 brains vary by up to threefold from being transferred to the oviducts of pseudopregnant
foster mothers. The mice used in this study lackedmouse to mouse with less than one half of this varia-

tion coming from experimental sources. We further the reverse tet repressor transgene and were not
treated with doxycyline. PCR genotyping for theexplore the potential mechanisms of regulation by de-

termining Hdh mRNA levels from knock-out and presence of a 900-bp band representing the Cre trans-
gene was performed as follows: forward primer 5′-knock-in Hdh alleles and by comparing tissue levels

of Hdh mRNA to the tissue specificity of Cre-medi- CTGAC CGTAC ACCAA AATTT G-3′ and reverse
primer 5′-GATCT CCGGT ATTGA AACTC C-3′. PCRated deletions at the Hdh locus.
program: 94°C for 5 min, 94°C for 1 min, 52°C for
1 min, 72°C for 1 min, repeat from step 2 four times,
94°C for 30 s, 52°C for 1 min, 72°C for 1 min, repeatMATERIALS AND METHODS
from step 6 25 times, 72°C for 2 min. Mice with loxP

Mouse Lines
sites inserted into the R26 locus were purchased from
Jackson Labs (Stock #003474) (43). PCR to genotypeAll mice used in this study were housed in a patho-

gen-free colony with a 12-h light/dark cycle. For the mice with loxP sites in R26 yields a band of 1 kb.
Forward primer 5′-GCGA TCTTC CTGAG GCCGAdetermination of variation in the brains of inbred

mice, 11 5-month-old male C57BL/6J mice (Jackson TACTG-3′ and reverse primer 5′-TCCAC CACA
TACAG GCCGT AGCGG TCGC-3′. PCR program:labs) were used. These males were part of a breeding
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94°C for 3 min, 94°C for 30 s, 55°C for 1 min, 72°C sample was separately assessed for 18S rRNA (Ap-
plied Biosystems). Hprt primers 5′-AGGACCTCTCfor 1 min, repeat from step 2 29 times, 72°C for

2 min. GAAGTGTTGGATAC-3′ and 5′-GGCATATCCAAC
AACAAACTTC-3′ were used to amplify the junction
of exons 7 and 8. The Taqman MGB probe used toDetermination of Cre-loxP Deletions by PCR
detect this fragment was 5′-AGGCCAGACTTTGT

Primers to test for recombination at the Hdhflox

TGG-3′. For the determination of brain C57BL/6J
allele yield a band of 470 bp: forward primer 5′-

Hdh mRNA levels (Fig. 1), five reverse transcription
GCCCA TGCTG ACTTG AATTT CA-3′ and re-

reactions were replicated three times for a total of 15
verse primer 5′-CAGGA CTGGG AACAT AGCTC-

assays of each RNA sample. The amount of Hdh
3′. PCR program: 94°C for 3 min, 94°C for 30 s,

mRNA relative to 18S rRNA in each sample was cal-
53°C for 1 min, 72°C for 1 min, repeat from step 2

culated and determined by the equation 2−∆∆Ct, where
29 times, 72°C for 2 min. ∆∆Ct is the difference between the Ct for 18s rRNA

Primers to test for recombination at the R26 locus
and Hdh mRNA. This level was expressed as per-

yield a band of 440 bp: forward primer 5′-GGGGA
centage of the average for the highest mouse for that

GTGTT TGCAA TACCT TT-3′ and reverse primer
experiment. These were averaged over each replicate

5′-CACGA CGTTG TAAAA CGACG G-3′. PCR pro-
of the experiment. For the determination of Hdh in

gram: 94°C for 3 min, 94°C for 34 s, 56°C for 45 s
different organs (Figs. 3 and 4), each sample was as-

at 0.5°C/cycle, 72°C for 45 s, repeat from step 2 12
sayed in duplicate on four different runs. Some (only

times, 94°C for 35 s, 54°C for 30 s, 72°C for 45 s,
6%) of the duplicates that varied by more than 0.5 Ctrepeat from step 6 25 times, 72°C for 2 min.
units within a single run were excluded as wells with

PCR reactions were done in a total volume of 20
pipetting errors. The data in Figure 3 represent fromµl. All reactions: 1 µl template DNA, 0.2 mM dNTPs,
4 to 8 total replicates. The amount of Hdh mRNA

250 ng primers. For R26 recombination: 10× Fisher
relative to the maximum for each run was calculated

Taq buffer, 1 U Fisher Taq, 1.5 mM MgCl2. For Cre
and averaged over the 4 runs. Striatal mRNA levels

transgene: 10× Fisher Taq buffer, 1 U Fisher Taq, 2.5
(Fig. 2) were determined in the same manner as the

mM MgCl2. For recombination at the Hdh allele: 10×
determination for levels in different organs. All sta-

Fisher Taq buffer, 1 U Taq polymerase, 1.5 mM
tistics were performed using Instat (Graph Pad Soft-

MgCl2, 1.25 M betaine.
ware).

Determination of Hdh mRNA Levels
by Real-Time PCR

RESULTS
Organs were rapidly harvested from mice that were

Assay Description and Validation
euthanized in a CO2 evacuated container, flash frozen
on dry ice, and stored at −80°C. RNA was extracted Relative levels of Hdh mRNA were determined by

a qRT-PCR assay (Applied Biosystems). Briefly, thisusing TRizol reagent (Life Technologies) by the
manufacturer’s protocols. Reverse transcription reac- assay involves creation of cDNA using a random-

primed reverse transcriptase reaction. PCR is used totions were performed on 5 µg of total RNA using the
High Capacity Archival cDNA kit (Applied Biosys- specifically amplify Hdh cDNA by exonic primers

flanking intron 2 of Hdh. The use of primers in exonstems) according to manufacturer’s instructions. Real-
time PCR using the ABI7900 Prism followed Ap- separated by a 7.4-kb intron controls for the un-

wanted amplification of trace amounts of genomicplied Biosystem’s protocols. Reactions were a total
volume of 20 µl using the Taqman universal mix DNA that may be present in RNA preparations. The

amount of PCR product is monitored during each cy-without ung (Applied Biosystems), and 1 µl of a 1:
10 dilution of cDNA, except striatum preps, which cle of the reaction using a probe that hybridizes to

the exon 2–3 junction in amplified Hdh cDNA. Thehad 1 µl of 1:100 dilution of cDNA. The Hdh primers
5′ - GACCG TGTGA ATCAT TGTCT AACAA - 3′ probe contains a covalently attached fluorescent moi-

ety and a quencher. During each cycle probe boundand 5′-GATGC CCAAG AGTTT CTGAA ATTC-3′
were used to amplify the junction of exons 2 and 3. to the DNA being amplified is destroyed by the

DNA-dependent exonuclease function of the thermo-This fragment was detected by the Taqman MGB
probe 5′-CAGTC TCTCA GAAAT T-3′ during the stable polymerase. The resulting physical separation

of the quencher allows fluorescence in proportion toPCR reaction: step 1 50°C for 2 min, step 2 95°C for
10 min, step 3 95°C for 15 s, step 4 60°C for 1 min, the amount of amplified product. Because the probe

only binds to sequences corresponding to Hdh, othersteps 3 and 4 repeated 40 times. As a control, each
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sequences inadvertently amplified do not add to the
total fluorescence. The cycle where the amount of
fluorescence becomes greater than a threshold (Ct) is
used to mathematically derive the relative amount of
mRNA in each sample. As an internal control, a simi-
lar assay for 18S rRNA (Applied Biosystems) was
performed on a separate aliquot of each sample. A
standard curve for both the Hdh and 18S rRNA was
linear for the following dilutions of cDNA: 1:10,000,
1:1000, 1:100, and 1:10 (R2 = 0.99 for both). The log
of RNA concentration versus the difference in the Ct

value of 18S rRNA and of Hdh mRNA over these
dilutions yielded a slope of 0.01, indicating that the
relative efficiencies for these two PCR reactions were
almost identical. The similar efficiencies allow the
use of a comparative method where the amount of
Hdh mRNA is normalized to the amount of 18S
rRNA in each sample. In each experiment, the sample
with the highest amount of Hdh mRNA was consid-
ered as 100% and all other samples are reported rela-
tive to that maximum.

Variation in Brains of Genetically Identical Mice

Brain Hdh mRNA levels were determined for 11
age-matched C57BL/6J male mice. Dissection time
was kept to a minimum, and tissues were flash frozen
to minimize RNA degradation. RNA was isolated
and five separate reverse transcription reactions were
performed on each sample. Hdh qRT-PCR and 18S
qRT-PCRs were performed on each of the 55 cDNA
samples in triplicate. Hdh mRNA levels were normal- Figure 1. Variation in brain Hdh mRNA levels in 11 C57BL/6

mice. Top: Bars show the level of Hdh mRNA relative to the maxi-ized to 18S rRNA levels for each replicate. The rela-
mum (mouse #1 = 100%). The ID number of each mouse is shown

tive levels of Hdh mRNA for the 11 mice show sig- below each bar. Error bars represent the SEM (n = 15 replicates
nificant variation (Fig. 1, top), with the lowest level per mouse). Bottom: Statistical comparison of Hdh mRNA levels

from each mouse is represented by horizontal bars. Shaded areasbeing 28% of the highest. Many comparisons be-
within each bar indicate that a statistically significant difference

tween these mice yielded statistically significant dif- was found for brain Hdh mRNA levels between mouse ID on left
ferences (Fig. 1, bottom). and mouse ID above (Kruskal-Wallis with Dunn’s post test, *p <

0.05, **p < 0.01, ***p < 0.001).As a control for nonspecific mRNA degradation
and the possible presence of general PCR inhibitors,
Hprt mRNA was monitored in a separate qRT-PCR
assay for each of the 55 cDNA samples (data not

imental coefficient of variation (CVexp). When all
shown). The expectation for general degradation or

sources of variation (including interindividual varia-
inhibition would be a correlation between mRNA

tion) are included, the standard deviation across all
levels for Hprt and Hdh. The levels did not correlate

mice is 30% of the mean Hdh mRNA level. We refer
(R2 = 0.25). In fact, the lowest Hdh expresser (ID#

to this as the total coefficient of variation (CVtotal).11) was the highest Hprt expresser. Thus, variation
The difference between CVexp and CVtotal shows that

in Hdh mRNA levels was not due to different levels
more than half of the total variation in these experi-

of overall mRNA degradation or general PCR inhibi-
ments is due to mouse-to-mouse differences in Hdh

tors in the RNA samples.
mRNA levels.

Experimental variation was measured by determin-
ing the variation in Hdh mRNA levels among the 15

Striatal Levels and the Effect of Long CAG Repeats
repetitions of measurements for each mouse. On av-
erage the standard deviation of the repetitions within The brain region with the greatest pathology in

HD, the striatum, is also the brain region with theeach mouse was 14% of the mean Hdh mRNA level
for that mouse. We refer to this measure as the exper- highest density of neuronal intranuclear inclusions
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(NIIs) in the Hdh(CAG)150 knock-in mouse model (30). in tissues of wild-type mice to levels in animals het-
erozygous for a deletion of the Hdh promoter andStriatal Hdh mRNA in Hdh(CAG)150 homozygotes was

reduced to 66% of wild-type levels. Wild-types av- exon 1 [described previously (10,30)]. In wild-type
mice Hdh levels were highest in the testes and brain,erage 58% and mutants average 38% of the highest

expresser, wild-type mouse #1 from Figure 2 intermediate in kidney and spleen, and low in heart,
liver, pancreas, and skeletal muscle (Fig. 3, n = 4–8(p < 0.0003, Mann-Whitney). Hdh mRNA levels in

Hdh(CAG)150 homozygotes was also variable (CVtotal = replicates). The heterozygous promoter deletion mice
showed a similar distribution of Hdh mRNA. Loss of27%, CVexp = 20%), although to a lesser extent than

wild-type striatal Hdh levels (CVtotal = 35%, CVexp = one allele caused reduction in Hdh mRNA of wild-
type levels in all tissues except skeletal muscle. The14%). Both young (10–19 weeks n = 7 wild-type,

n = 5 mutant) and old (55–74 weeks n = 3 wild-type, reduction reached statistical significance for testes,
brain, kidney, heart, liver, and pancreas, as shown inn = 5 mutant) mice were analyzed, and no significant

differences or trends in Hdh mRNA levels were ob- Figure 3. Excluding skeletal muscle, levels of Hdh
mRNA in heterozygous promoter deletion animalsserved for mice of different ages. Therefore, we com-

bined both young and old mice for the data shown in ranged from 39% (liver) to 63% (brain) of wild-type
levels with an average of 50%.Figure 2.

General environmental conditions might be ex-
pected to affect several tissues simultaneously. There-Effects of Heterozygous Promoter Deletion
fore, multiple comparisons of each tissue were madeon Hdh mRNA Levels in Various Tissues
to determine whether higher levels in one tissue of a
mouse were a predictor of higher levels in anotherTo determine the effect of gene dosage on Hdh

mRNA levels, we compared the levels of Hdh mRNA tissue of that same mouse. Figure 4 shows that mouse

Figure 2. Variation in striatal Hdh mRNA levels. Top: Striatal Hdh mRNA levels relative to maximum wild-type mouse are shown for 10
wild-type (black bars) and 12 homozygous Hdh(CAG)150 mice (gray bars). Each wild-type mouse was assigned a number 1–10 and each mutant
a number 1–12 (these numbers do not correspond to mouse numbers in Fig. 1). Error bars show the SEM. Bottom: Statistical comparison
of Hdh mRNA levels from each mouse is represented by horizontal bars. Shaded areas within each bar indicate that a statistically significant
difference was found for brain Hdh mRNA levels between mouse ID next to bar [left for wild-type mice, right for homozygous Hdh(CAG)150

mice] and mouse ID above (Kruskal-Wallis with Dunn’s post test, *p < 0.05, **p < 0.01, ***p < 0.001).
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#2 had very high levels of Hdh mRNA in testes,
brain, spleen, liver, and heart when compared with
the same tissues of other mice. Mouse #4 had high
levels in kidney, pancreas, and skeletal muscle but
had relatively low levels in heart, liver, and spleen.
These data suggest that there might be conditions that
cause high levels of Hdh mRNA to be maintained in
a few organs. Nevertheless, there does not seem to
be a universal coordination in Hdh mRNA levels
among the tissues analyzed.

Mouse-to-mouse variation in Hdh mRNA levels
were very high in most tissues with the average
across all tissues being CVtotal = 49.8% and CVexp =
14.2%. The heterozygous promoter deletion reduced
the variation by approximately half of wild-type (het-
erozygote CVtotal = 29.3%, CVexp = 15.8%). As de-
scribed in the preceding paragraph, a few mice are
outliers with very high levels of Hdh mRNA in sev-
eral tissues; these outliers might also account for the
variation seen in different tissues in wild-type mice.
The lack of such outliers in the heterozygous group
might be due to a small number of subjects or to the
inability of mice with only one allele to produce very
high quantities of Hdh mRNA in most tissues. Varia-
tion was lowest in brain, suggesting a tighter regula-
tion of Hdh mRNA levels in brain than in other tis-
sues.

Tissue-Specific Deletion of an Hdh-loxP Allele
by Ubiquitous Cre Recombinase

Cre-loxP technology has been suggested as a
means to discriminate closed from open chromatin
domains in vivo (40). To relate chromatin accessibil-
ity to Hdh expression, mice transgenic for Cre recom-
binase were mated to a mouse with a knock-in of
loxP sites flanking the promoter and exon 1 of Hdh
[(10) and Materials and Methods]. As a control, the
same Cre recombinase mouse line was also mated to
a mouse having loxP sites at the ROSA26 (R26) lo-
cus (43). A genomic PCR assay was used to deter-
mine whether recombination had occurred at Hdh or
the R26 locus in several tissues. As shown in Table
1, Cre was functional in all tissues at the R26 locus,
but only caused Hdh deletions in the testes and brain.
Thus, the two tissues expressing the highest level of

Figure 3. Mean and variation of relative Hdh mRNA levels in different tissues. (A) Black bars indicate mean level of Hdh mRNA for six
wild-type mice (Hdh+/+) in eight different tissues relative to wild-type testes (maximum). Open bars indicate mean level of Hdh mRNA for
six heterozygous promoter deletion mice (Hdh+/−) for each tissue relative to wild-type testes (maximum). T, testes; B, brain; K, kidney; S,
spleen; H, heart; L, liver; P, pancreas; M, skeletal muscle. The error bars represent SD for the 4–6 measurements taken on each of six mice
represented by the vertical bar (includes mouse-to-mouse and experimental variation). The entire figure represents 540 measurements of
Hdh mRNA levels. Statistical comparison of Hdh+/+ and Hdh+/− mice for each tissue by the Mann-Whitney test yielded p values shown
above bars (NS, not significantly different or p > 0.05). (B) Statistical comparison of Hdh mRNA levels from each tissue in Hdh+/+ mice
is represented by horizontal bars. Shaded areas within each bar indicate that a statistically significant difference was found for Hdh mRNA
levels between tissue on left and tissue label above bar (Kruskal-Wallis with Dunn’s post test, *p < 0.05, **p < 0.01, ***p < 0.001). (C)
Same as (B), but for tissues in Hdh+/− mice.
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Figure 4. Hdh mRNA tissue levels in individual mice. Top: Bars represent Hdh mRNA level from one tissue of a single wild-type mouse
as a percentage of the maximum (testes of wild-type mouse ID #2). Mouse ID numbers correspond to those in Figure 1. Error bars represent
the SEM as calculated from 4–8 replicates on each tissue. Letters represent different tissues as described in the legend for Figure 3. These
data are a different representation of the averaged data from Figure 3. Bottom: Same as top panel except bars indicate Hdh mRNA levels
for tissues in Hdh+/− mice as a percentage of maximum (testes of wild-type mouse ID #2).

TABLE 1
FRACTION OF MICE SHOWING CRE RECOMBINASE-MEDIATED RECOMBINATION IN VARIOUS TISSUES

Locus Testes Brain Kidney Spleen Heart Liver Pancreas Muscle

Hdh 20/37 5/72 0/72 0/72 0/72 0/72 0/72 0/72
R26 3/5 6/15 7/15 6/15 6/15 5/15 4/15 3/15
p value* NS 0.0028 <0.0001 <0.0001 <0.0001 <0.0001 0.0006 0.0043

Founder line expressing Cre recombinase was the same for both Hdh and R26 targets.
*Fisher exact test to determine if target locus influences the proportion of mice with recombination.
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Hdh mRNA were also the most permissive for dele- span of the transgenic HD model R6/2 (48). Although
such stimuli were not provided for the mice in thistion at Hdh locus.
study, differences in stimulation may have been pres-
ent when the mice were housed separately. The mice
in this study probably differ at the point of sacrificeDISCUSSION
in time since last meal, hormonal levels, activity lev-
els, degree of restfulness, amount of anxiety, and sev-In this study we assessed levels of Hdh mRNA

to better understand factors that might influence the eral other unknown variables.
Because this assay only measures mRNA levels atproduction and/or the destruction of Hdh mRNA.

Factors that create mouse-to-mouse variation in the one point in time, it is not clear whether some mice
have persistently less Hdh mRNA than others. Therelevel of a specific mRNA can be categorized as ex-

perimental, environmental, stochastic, or genetic. Us- may also be changes in the levels of Hdh mRNA
from day to day or over longer periods that accounting RNA isolated from the brains of 11 age-matched

males from the inbred C57BL/6 line, a substantial for differences in Hdh mRNA levels. Further study
would be needed to determine whether neuronal dys-amount of variation was found in Hdh mRNA levels.

By comparison of repeated measures (15 repetitions) function in HD is due to the accumulation of damage
from a series of toxic crises corresponding to tran-of each sample, we found the experimental variation

to be approximately one half of the total variation. siently high HD mRNA levels.
Whether environmental or stochastic, the nature ofThe use of genetically identical mice controls for ge-

netic factors, leaving the other half of the variation the variation suggests more than one factor influences
the regulation of Hdh mRNA levels. The distributionas either environmental and/or stochastic.

Stochastic variation of gene expression has been of levels shown in Figure 1 resembles a normal
Gaussian curve, with one very high expresser (100%),reported within populations of cells (5). The experi-

ment described here provides only an average level eight middle range (60–80%), and two low expressers
(28% and 43%). This type of variation is also presentof Hdh mRNA level in the over 75 million neurons

of the mouse brain (52). In situ studies of mouse in the striatum of both wild-type and Hdh(CAG)150 homo-
zygotes. The large number of middle range express-brain have shown a widespread expression of Hdh

mRNA and protein in neurons (4). This widespread ers argues against a bimodal type of curve that might
be expected from a simple switch that could enhanceexpression would minimize the effect of extremely

high expression in a few neurons when considering or depress Hdh mRNA levels in large populations of
brain cells. The Hdh(CAG)150 knock-in mouse model ex-the overall average of brain Hdh mRNA levels. Thus,

it is unlikely that stochastic changes in a few cells hibits variation in age of onset and degree of abnor-
mality. For example, approximately 1 in 10 mice car-could account for the threefold difference in brain

Hdh mRNA levels reported here. The expression rying the Hdh(CAG)150 mutation show severe reduction
in weight and exhibit convulsive spells suggestive ofdifference must minimally occur in thousands of neu-

rons, indicating such changes are coordinated. Sto- clonic-tonic type seizures (30). Further investigation
of these mice will be needed to determine whetherchastic differences might be coordinated by epige-

netic factors established in neuronal precursors that their abnormalities correlate with level of Hdh(CAG)150

gene product.are maintained through the many cell divisions in the
developing brain. These data should serve as a guide for determina-

tion of numbers of mice to use in the assessment ofEnvironmental influences might also explain a co-
ordinated alteration in Hdh mRNA level. The mice mRNA levels in general. In our study 8 of 11 mice

(ID #2–9, Fig. 1) were within a fairly tight middleused in this study, however, had seemingly similar
environments. They were used as breeders in a patho- range and the other three were outliers. If we take the

probability of omitting an outlier in a study as 8 ofgen-free colony, housed separately for most of their
lives except when breeding, and then combined into 11, then in a trial of n mice the probability of having

no outliers is (8/11)n. Thus, in a study of three miceone cage and housed for at least 1 week prior to the
study. There were also no apparent physical differ- the probability of having no outliers is 38% and with

six mice this decreases to 15%. In experiments to es-ences between individuals. If environmental factors
do contribute toward the observed variation, these tablish a mean for comparisons of levels, the choice

of an outlier would provide an inaccurate mean. Con-factors are not obvious. Subtle factors, however, have
been previously shown to alter the phenotype of an versely, in experiments to determine whether a gene

is variably expressed, missing outliers could makeHD mouse model. For example, adding small objects
to mouse cages has been shown to increase the life gene expression seem more constant. In one such
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study, Project Normal, the variance in thousands of the only organs exhibiting Cre-loxP recombination at
the Hdh locus. This same transgenic Cre line wasgenes was measured. Significant levels of variation

were found in only a small percentage of mRNAs able to recombine loxP sites at a different location,
the R26 locus, in all tissues examined. The tissuefrom different tissues of six C57BL/6 mice (38).

Thus, the variation we are observing in Hdh mRNA specificity of recombination at the Hdh locus depends
upon the transgenic Cre founder line. Other Cre-levels seems to not be shared by most other genes.

Although Hdh was not included in this important expressing lines result in Hdh deletions in many tis-
sues (14). The difference might be due to differentstudy (C. Pritchard and P. Neslon, personal commu-

nication), there is a good probability (15% based on overall levels of Cre expression in the lines. Our Cre
line might not produce enough recombinase to be ef-the assumptions outlined above) that variation in Hdh

mRNA levels would have been missed by the use fective in tissues where the Hdh locus is less acces-
sible. Further characterization will be needed to de-of only six mice. The presence of outliers is also an

important consideration when assessing transgenic termine the usefulness of our Cre lines in probing
chromatin in vivo. The correlation among tissuesmouse models of HD where transgene level is com-

pared with endogenous mouse Hdh mRNA levels with high levels of recombination at the Hdh locus
and high Hdh mRNA levels is a step towards estab-(33) and will be important in testing therapies de-

signed to reduce HD mRNA levels (6,8,34,37,53). lishing such a method, which would be useful in as-
sessing therapeutics designed to reduce expression ofSuch reduction of expression strategies will also be

influenced by how the cell regulates HD mRNA lev- the HD gene by altering chromatin.
Our data also show that mice homozygous for longels. Some genes are tightly regulated such that at-

tempts to lower its expression might be thwarted by CAG repeats had reduced levels of Hdh mRNA. Al-
though in HD patients mRNA levels from diseasean endogenous feedback signal that results in an in-

crease in transcription or mRNA stabilization. Such a length alleles were comparable to levels from wild-
type alleles, the assays were not reported as quantita-mechanism might account for the similarity between

levels of Hdh mRNA in skeletal muscle when we tive in nature (1). The effect in mice is likely exag-
gerated by the greater difference in repeat length incompared wild-type mice with mice heterozygous for

a promoter deletion (Fig. 3). More importantly, we these mice [150 vs. 7 CAGs (3,28,30) compared with
most patients (less than 60 vs. approximately 20found that loss of one allele caused reductions in

most organs, including the brain. These results com- (15,27)). Alternatively, the toxic properties of the
long repeat mutation might reduce expression of Hdh.plement a prior report where reduced HD protein lev-

els were found in lymphoblastoid lines derived from The HD mutation affects the mRNA levels of several
genes, and we cannot exclude the possibility that theindividuals with a translocation through the HD gene

(36). These data suggest that therapy designed to re- mutation decreases the mRNA level of Hdh itself
(32). Other possible mechanisms might include a dif-duce brain HD mRNAs will not be complicated by

endogenous counterbalancing measures. ference in mRNA stability. Long CAG repeats form
hairpin structures in RNA that might be weakly rec-One mechanism of gene regulation is the alteration

of chromatin configuration, which can block access ognized by cellular systems designed to destroy dou-
ble-stranded RNAs (13,42). Long CAG repeats mightto proteins involved in transcription (19). Closed

chromatin domains can block access to other proteins, also cause a reduction in transcription of the Hdh
gene. CAG repeats in DNA are known to bind tightlywhich is the basis for some experimental probes of

chromatin accessibility [e.g., DNAse I sensitivity to histones (49), and this or some other unusual struc-
tural feature of the repeat may impede RNA polymer-assays (11)]. The use of Cre-loxP technology has

been suggested as a means of discriminating closed ase. Further study of the mechanism by which long
CAG repeats diminish the amount of Hdh mRNAand open chromatin domains in vivo (40). In an at-

tempt to make an inducible adult knock-out of Hdh, might elucidate a mechanism amenable to pharmaco-
logical enhancement.we created mouse lines transgenic for Cre and a

knock-in of loxP sites that flanked the wild-type Hdh
promoter and exon 1 region. We found that the Cre
line was slightly leaky in the absence of elements ACKNOWLEDGMENTS
needed for induction (activator transgene and induc-
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