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ABSTRACT

Using a sensitive RT-QPCR assay, we analyzed the regulatory effects of sex and different dosage compensa-
tion mutations in Drosophila. To validate the assay, we showed that regulation for several genes indeed
varied with the number of functional copies of that gene. We then confirmed that dosage compensation
occurred for most genes we examined in male and female flies. Finally, we examined the effects on
regulation of several genes in the MSL pathway, presumed to be involved in sex-dependent determination
of regulation. Rather than seeing global alterations of either X chromosomal or autosomal genes, regulation
of genes on either the X chromosome or the autosomes could be elevated, depressed, or unaltered
between sexes in unpredictable ways for the various MSL mutations. Relative dosage for a given gene
between the sexes could vary at different developmental times. Autosomal genes often showed deranged
regulatory levels, indicating they were in pathways perturbed by X chromosomal changes. As exemplified
by the BR-Clocus and its dependent Sgs genes, multiple genes in a given pathway could exhibit coordinate
regulatory modulation. The variegated pattern shown for expression of both X chromosomal and autosomal
loci underscores the complexity of gene expression so that the phenotype of MSL mutations does not

reflect only simple perturbations of genes on the X chromosome.

OR the X-linked genes, which differ in dose between

male and female, there is a regulatory mechanism of
dosage compensation operating such that the resulting
expression of these X-linked genes is usually equivalent
in the two sexes. In Drosophila, regulation is posited
to occur by hypertranscription of loci on the single X
chromosome in males (reviewed in KELLEY and KURODA
1995; BAsHAw and BAKER 1996; CLINE and MEYER 1996;
LuccHEest 1998; STUCKENHOLZ et al. 1999). The current
model for dosage compensation in Drosophila proposes
that five MSL (male-specific-lethal) proteins, MSLI,
MSL2, MSL3, MLE (encoded by maleless), and MOF
(encoded by male-absent on the first), form a hetero-
meric complex on the male X chromosome. Binding
of the MSL complex to the male X chromosome leads
to the acetylation of histone H4 at lysine 16 (H4Ac16)
and an increase of transcription (reviewed in KELLEY
and KuropAa 1995; BAsaHaw and BAKER 1996; LucCHEST
1998; STUuckENHOLZ et al. 1999). Further, the twofold
upregulation is superimposed on the gene-specific tran-
scription factors that control the amount, time, and
tissue of expression. The finding that MOF is a homolog
of human histone acetyltransferases TIP60 (HIV Tat-
interacting protein of 60 kD) and MOZ (monocytic
leukemia zinc finger protein) provides evidence for the
role of histone acetyltransferase in dosage compensa-
tion (HILFIKER et al. 1997; GU et al. 1998).
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Even though the current model of dosage compensa-
tion in Drosophila receives wide acceptance, direct ex-
perimental data in support of this model are still lacking.
A twofold reduction in females of Sgs4, derived from the
X chromosome, was reported (BELOTE and LuccHESI
1980; BReEEN and LuccHEsT 1986). However, when more
transcripts were analyzed using Northern blot analysis, a
different conclusion was reached (HieBERT and BIRCHLER
1994; BHADRA el al. 1999). In the alternative dosage
compensation model proposed by BIRCHLER (1996),
the concentration of MSL complex on the X chromo-
some is not related to dosage compensation. Rather, the
concentration of MSL. complex on the X chromosome
prevents nonspecific binding of the MSL complex to
autosomes. The dosage compensation complex cannot
accumulate on the male X chromosome in the mutants.
Instead, the complex spreads on the autosomes. As a
result, autosomal genes are hypertranscribed but the
expression of X-linked genes is not changed.

The study of dosage compensation provides a unique
opportunity to understand regulation at the chromo-
somal level. However, the conflicting results in the study
of dosage compensation point to the desirability for a
rapid and reliable assay to monitor the regulation of
given genes. Recently, we developed a sensitive reverse
transcriptase-quantitative PCR (RT-QPCR) assay to mea-
sure the relative expression of steady-state RNA in Dro-
sophila. The success in the analysis of deficiency flies
validated our approach (CHIANG et al. 1999). The RT-
QPCR assay has the following advantages compared with
previous quantitative assays of gene expression: (1) Only
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a small amount of total RNA is needed in the assay, (2)
transcripts from any gene (abundant or not) can be
analyzed because the assay works over six orders of mag-
nitude, and (3) the reproducibility and resolution of the
RT-QPCR assay was documented by studies of different
systems in Drosophila (CHIANG et al. 1999).

To assay the hypotheses that seek to explain gene
expression from the X chromosome in the different
sexes, a more sensitive and convenient method should
be used to test actual gene expression. To this end, we
used TagMan RT-QPCR to measure the level of steady-
state RNA for genes located on both the X chromosome
and the autosomes in wild-type flies and in flies with
dosage compensation mutations. We demonstrated the
use of the technique to detect gene dosage in normal
males and females. Our data demonstrate that different
loci on both the X chromosome and the autosomes
show different patterns of expression in the mutants.
The variegated pattern shown for expression of both X
chromosomal and autosomal loci underscores the lack
of a simple explanation for the anomalies in the dosage
compensation mutants. This study of mutants of dosage
compensation illustrates the complexity of regulation
that may best be comprehended by the elucidation of
regulatory pathways where the variation of sets of genes
occurs concomitantly.

MATERIALS AND METHODS

Research design: The steady-state RNA (total RNA) from a
mix of at least 20 third instar larvae was analyzed for each
sample. The standard curve method (user bulletin no. 2; ABI
PRISM 7700 sequence detection system) was used for the
measurement (CHIANG ef al. 1999). RNA derived from the
mix of at least 20 third instar larvae from the Canton-S female
fly was used as the standard. The quantity of RNA samples was
estimated by spectrophotometry and was diluted to different
concentrations. For the standards, four concentrations (5, 2.5,
1.25,and 0.6 ng/pl) were used in the analysis (although knowl-
edge of the absolute amounts of RNA is necessarily approxi-
mate, the relative amounts used for the analysis are accurate
within the limits of pipetting accuracy). To test the reproduc-
ibility of the experiments, two different concentrations of ex-
perimental samples (2.5 and 1.25 ng/ul) and three repeats
of each dilution were used in the analysis. The experiment
was repeated if reproducibility of the three repeats yielded
variation >30%. Similarly, the experiment was repeated if a
twofold difference (the cutoff was between 0.7 and 1.3) was
not observed. During calculation, the numbers 5, 2.5, 1.25,
and 0.6 were assigned to the standards and the quantity of
specific RNA in the samples was calculated on the basis of
relative amount of targets in the samples using the standard
as a reference. Since absolute quantitation of RNA is difficult
to achieve, a relative ratio approach was used in our calcula-
tion. After testing different markers in different wild-type and
mutant flies, autosomal markers derived from either RNA poly-
merase Il or the chromatin protein Dspt4 were found to be the
most reliable markers for the calculation of relative ratio (data
not shown). Therefore, all the measurements in this study
were done using a marker from RNA polymerase Il as the refer-
ence for the calculation of relative ratio. As a result, 1.0 on
the ordinate of the tables designates a relative amount of RNA

product equal to the relative amount of RNA product obtained
using a primer set for RNA polymerase II. The Dspt4 marker
was also included in all the measurements to ensure validity.
The ratio between Dspt4 and RNA polymerase II was always close
to 1 in all the measurements, suggesting the consistency of
our analyses. This normalization procedure enabled us to
compare accurately the expression of a given gene in two flies.

The primer sets were designed following the rules recom-
mended by the manufacturer (PE Biosystems, Foster City, CA)
and are listed in Table 1. The TagMan Gold RT-PCR reagents
were used in our analysis (PE Biosystems). All primer sets were
designed to amplify only RNA as they crossed exons. Only the
BR-C primer set potentially reacted with both DNA and RNA,
as the set was designed so that the first 6 nucleotides of the
BR-C forward primer derived from the first exon and the
remaining 14 nucleotides derived from the second exon. Us-
ing this strategy, the amplification from genomic DNA was
still depressed by 100-fold compared with the cDNA reaction,
enabling us to distinguish genomic DNA from cDNA.

Flies: yw; mile'/Cy0O, y* and the the four hypomorphic mile
alleles (mle-AAA, mle-GNT, mle-DQIH, and mle-GET') were pro-
vided by Mitzi Kuroda. yw; mle™/CyO, y* and Df(1)I”** were
provided by Barry Ganetzky. y' mof'/ Basc was provided by John
Lucchesi. C(1)DX, y', f'/y?Y67g19.1 was provided by Cynthia
Bayer. Deficiency flies Df(1)S39/FM6 (deletion of BR-C),
Df(1)5D/FM6 (deletion of Dspt6), Df(1)Pgd-kz/FM6 (deletion
of 6-Pgd), and Df(1)N-264-105/FM1 (deletion of Sgs¥) were
ordered from the Bloomington Stock Center. FM7: and
C(1)DX, y', f!/Y were also obtained from the Bloomington
Stock Center. The metafemale was produced by crossing an
attached-X strain (C(1)DX, y’, f//Y) marked with yellow (y)
to a standard male strain and selected on the basis of gonad
size and the color of the mouth hook (y*). The flies were
kept at 25° in this study. The difference of the size of gonads
between male and female can be easily differentiated at the
third instar larvae (the male has a gonad significantly bigger
than that of the female). Therefore, in most of our analysis,
RNA from third instar larvae was used.

RESULTS

Testing the resolution of quantitative PCR: We have
shown that RT-QPCR analysis has the twofold resolution
required to detect reductions of Dspt4 and Dspt6 tran-
scripts in deficiency flies (CHIANG et al. 1999). To further
confirm this resolution of RT-QPCR, deficiency flies
with a deletion of BR-C, Sgs4, para, or 6-Pgd were ana-
lyzed by RT-QPCR (Figure 1). Each of the deficiency
chromosomes was paired with the balancer, FM7i. The
heterozygous deficiency/FM?7i larvae were separated
from homozygous FM7i/ FM7ilarvae on the basis of the
color of the mouth hook. As expected, the expression
of Sgs4, para, and 6-Pgd was reduced in the deficiency
flies Df(1)N-264-105/FM7i, Df(1)I”'/FM7i, and Df{1)Pgd-
kz/ FM7i, respectively, compared with the expression in
FM7i/ FM7i. Surprisingly, the expression of BR-Cwas not
reduced in the deficiency fly Df(1)S39/FM7i compared
with the FM7i/FM7i female. Since the BR-C region was
shown to be deleted in Df(1)S39 (BELYAEVA et al. 1980),
a DNA QPCR analysis was performed to confirm the
deletion of BR-C in Df(1)$39. The relative gene copy
number ratio of BR-C/ Dspt6 was measured in Df(1)S39/
I'M7i and FM7i/FM7i. In accordance with the previous
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TABLE 1
List of the PCR primers used in this study

Dspto

BR-C

Sgs4

para

mof

Lsp-low

Dspt4

st

Sgs3

Sgs5

Sgs7

Sgs8

mle

Adh

Pei

her

da

Aldox-1

Ade2

RNA pol

Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe
Forward
Reverse
Probe

5'-TGCTGGTCAAGGCTGGAAGT-3’
5'-GAGATGTGTCCTGATACTCCGAGTT-3'
5"-6-FAM-TCGACGACTTCATCCAGCAGCTGGT-TAMRA-3’
5-GGAGAATCTGGGCGTCAAAGT-3’
5'-CGCTTTCGTTGTCGTGGAT-3’
5"-6-FAM-AGACGCTTGAACCGCCGTCTCTCG-TAMRA-3’
5'-CTCAAGAGCACACCCTGCAA-3’
5'-CGTGCAGGTCCATGAAGTTG-3’
5"-6-FAM-CACCCGGTCATACTGCTGCAGGATG-TAMRA-3’
5'-GGTGGAGGAAGCGGATGTATT-3’
5-TGAGACTTCGGTTTGGAATCG-3'
5"-6-FAM-TGAAGGACCTGCTAACACCGAAGTGCC-TAMRA-3’
5'-GGACACCAATCACAAGCTCGAT-3’
5-GATGTTTAATCTTGCCAGCTTCGT-3’
5"-6-FAM-ACTCCAGGCCAATTTCGTAGTCGCGAT-TAMRA-3’
5'-ACGTCCACTATGTTGGTCTCAATC-3’
5'-CGCATTGTCCGAGATCCTATG-3’
5"-6-FAM-TGCCCACCCATCCGTCCAGG-TAMRA-3’

5" "TGGTCACTGCGACCGCTTA-3’
5'-GACGATCTCGAAGAGGAACTTCTG-3'
5'-6-FAM-TCAGGAACGCCTTGTCAGCGACCTT-TAMRA-3’

5" TTGACGCGATACCCAAGGAT-3’
5'-CTAGTGTGATCATAGACATTGTCCTTGTT-3’
5'-6-FAM-CTCAAATTGATCAAAACTCTTCACTAGGGAGCAAA-TAMRA-3’
5'-GAAACCCGATCCGGACTCTAC-3’
5'-CCAGGCAGCAAAGCCAGTAT-3’
5'-6-FAM-CCACGGGACAATATTATGCGGCCAA-TAMRA-3’
5"-CTACCGCCCTAGCGAGCAT-3’
5'-GCATCCACAATCGCAACAGT-3’
5'-6-FAM-CTGCTTATTGGCTCCGCTAATGTTGCC-TAMRA-3’
5-TTTGTGCCACCTGCTGAAATT-3'
5-GAAGGGCCAACAATAGGAATAAGTC-3’
5'-6-FAM-CAGCGGAGAACAGCAAGCCATTCC-TAMRA-3'
5-TCGCTTGCATCCTGCTCAT-3’
5'-CACACGGTTGGCACTCACA-3’
5'-6-FAM-CACCACCCAGGGCTAGATCGGAGAA-TAMRA-3’
5'-GTCATTGCGTGCATCATGCT-3’
5'-TCCACAAATCACGCATGAACA-3’
5'-6-FAM-CGATCCTGCCTCGGGCTGCA-TAMRA-3'
5'-CGACCAGGCTTCTGCTTCA-3’
5'-CCGGCGTAAGATTGTCCTCTAG-3’
5"-6-FAM-CTGTTCGCGTGCCCGCTTCC-TAMRA-3’
5'-GGTCTGGACACCAGCAAGGA-3’
5'-TCAATGCGGTCGAGGATCA-3’
5"-6-FAM-CTGCTCAAGCGCGATCTGAAGAACCT-TAMRA-3'
5'-GGATGGAGCTCACTTCATGGA-3’
5'-GCCTTGAAGAAGTTGGAGTACCA-3’
5'-6-FAM-ACACCATTCGAGAAGAATGCTCCTGTTATCCT-TAMRA-3’
5-ACCATTAGCAACCCGCAGATT-3’
5-ATTGACTGGAACCATCGCAACT-3’
5"-6-FAM-TGATAAGCACGTCATCGCTGTCAACGTT-TAMRA-3’
5'-GTCAACACTCGCTGCAACAAA-3’
5'-CATACAAGTGCATCGGCTCATC-3'
5"-6-FAM-AGCAATAGATCCTAATATCCACTGTTAAT-TAMRA-3’
5-AGAATGACTACGAAATTCTCAATCAATG-3’
5'-GCGGATAAAGGTGTTCAGAGTGA-3'
5"-6-FAM-TGCCCTATGCAGTGAATCTAACTAACCTTCCG-TAMRA-3’
5'-GCACCGCTGGCTACTGTGT-3’
5'-GTCGCAGGGTATTTAAAGTCCAA-3’
5'-6-FAM-CTCTTCACATTCCAGGTTACAAACAGCCGTA-TAMRA-3’
5'-CCTTCAGGAGTACGGCTATCATCT-3'
5'-CCAGGAAGACCTGAGCATTAATCT-3’
5"-6-FAM-TCCAGTGTGGCCATTGTACATGACCTCA-TAMRA-3’
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FIGURE 1.—Analysis of deficiency flies. Each analysis was done at two different dilutions, with a minimum of four separate
analyses for each dilution. Both heterozygous deficiency and homozygous balancer flies were analyzed. The expression of Dspt6
was also analyzed as a control. The order of each analysis is: (1) heterozygous deficiency (white); (2) 1:1 dilution (with an equal
volume of water) of heterozygous deficiency (white); (3) homozygous balancer (gray); and (4) 1:1 dilution of homozygous
balancer (gray). The copy number of BR-C (DNA) was also analyzed by DNA QPCR in heterozygous deficiency (white) and
homozygous normal (gray) flies. In all figures, the standard deviation (95%) is indicated.

electron microscopic analysis (BELYAEVA et al. 1980),
BR-C was indeed deleted in Df{1)$39 (Figure 1).

To demonstrate gene dosage in Drosophila, 11
primer sets derived from 5 X-linked genes (Sgs4, 6-Pgd,
Dspt6, para, and BR-C) and 6 autosomal genes (st, Dspt4,
Sgs3, Sgs5, Sgs7, and Sgs8) were analyzed. The expression
of these 11 genes was dosage compensated in the male
as shown by TagMan RT-QPCR in wild-type male and
female third instar larvae from Canton-S (Figure 2 for
the X-linked genes and data not shown for the autoso-
mal genes). Previously, the Lsp-Io protein was shown
not to be dosage compensated in male flies (ROBERTS
and Evans-RoBERTs 1979). To provide more evidence
of the resolution of RT-QPCR, the expression of Lsp-lo
was analyzed in wild-type male and female third instar
larvae from Canton-S. As shown in Figure 2, 30% less
Lsp-1o transcript was detected in male flies compared
with female flies.

A cross between C(1)DX, y', f'/Y females and wild-
type Canton-S males generates two females, C(1)DX, y',
f1/Y and C(1)DX, y', f'/X (metafemale), with identical
genetic backgrounds except for the sex chromosome.
These two females can be separated by the color of the
mouth hook. To confirm the genotypes of the third

instar larvae from metafemale and female, we analyzed
the relative DNA copy number of Dspt6 (an X-linked
gene) in metafemale, female, and male against an au-
tosomal gene standard, Dspi4. As shown in Figure 3,
the QPCR analysis clearly differentiated the DNA copy
number differences of Dspt6 among metafemale (three
copies), female (two copies), and male (one copy).
Mutations of mle affect expression of a subset of
genes on both the X chromosome and the autosomes:
We analyzed one null allele of mle (mle'; FURUNAGA et
al. 1975; Figure 4, A and B) and one missense mutation
of mle (ml™; KERNAN et al. 1991; Figure 4, C and D).
Both mle alleles are male lethal at the late third instar
to the early pupal stage. Homozygous female larvae are
viable for both mle alleles. Homozygous third instar lar-
vae from male and female were separated for each allele
and total RNA was isolated from the larvae. Since no
significant difference was detected among the heterozy-
gous male, heterozygous female, and homozygous fe-
male (datanotshown), the analysis was performed using
the homozygous male and homozygous female third
instar larvae. Both homozygous male and homozygous
female larvae have the same genetic background except
for the sex chromosome. Therefore, an effect from the
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F1GURE 2.—RT-QPCR analysis of wild-type larvae. The order of each analysis is: (1) female (white); (2) 1:1 dilution of female

(white); (3) male (gray); and (4) 1:1 dilution of male (gray).

mle mutations could be detected in our analysis. The
amount of Dspt6 transcript was reduced twofold for both
mle alleles in the homozygous male compared with the
homozygous female. In contrast, transcripts derived
from para and 6-Pgd were not significantly different in
the homozygous male compared with the homozygous
female. Three- to fourfold reductions of BR-C and Sgs4
transcripts were observed in the homozygous male mle™
larvae compared with the homozygous female mid® lar-
vae. A twofold reduction was detected in homozygous
mle' male larvae for BR-C and a two- to threefold reduc-
tion was detected for Sgs4 compared with homozygous
mle' female larvae. For the three autosomal (chromo-
some 3L) genes, Sgs3, Sgs7, and Sgs§, a five- to eightfold
reduction and a two- to threefold reduction were seen
in homozygous mie™ and mle' males, respectively. For
the autosomal 3R gene Sgs5, the reduction was two- to
threefold in mle! and fivefold in mi*. In contrast, the
autosomal 2R gene Dspt4 was not altered in the homozy-
gous male compared with the homozygous female in
both mle™ and mi¢'. Finally, a four- to fivefold increase
of the expression of autosomal 3L gene st was detected
in both mle' and mle™ flies.

Analysis of mle hypomorphic alleles: We then ana-
lyzed four mlealleles generated through site-specific mu-
tagenesis (RICHTER et al. 1996; LEE et al. 1997; Figure
5). All four alleles were analyzed in third instar larvae
on an otherwise mle' background. A total of seven primer

sets (6-Pgd, Dspt6, para, BR-C, Sgs4, Sgs5, and st) were
used in the analysis. As shown in Figure 5, A and B,
none of the genes analyzed from the AAA and GNT
alleles showed twofold variation compared with the ho-
mozygous female. The largest variation we observed was
an approximate 40-50% reduction of br transcript in
the homozygous AAA and GNT males.

We examined the nearly lethal allele GET (Figure 5C)
and the less severe sublethal allele DQIH (Figure 5D).
A twofold reduction of BR-C, Dspt6, Sgs4, and Sgs5 was
observed in the homozygous DQIH male compared with
the homozygous female. An approximate 30-40% re-
duction of the expression of 6-Pgd was observed in the
homozygous DQIH male and the expression of para was
not changed in the homozygous DQIH male. In contrast
with our finding of increased expression for st in mle,
the expression of st did not vary in the homozygous
DQIH male. A different picture emerged when the
nearly lethal allele GET was analyzed. No significant
variation was observed for the expression of 6-Pgd, para,
Sgs4, and Sgs5in the homozygous GETmale. An approxi-
mate 30-50% reduction of the expression of BR-C and
Dspt6 was observed in the homozygous GET male. Fi-
nally, an approximate twofold increase of the expression
of st was observed in the homozygous GET male.

Analysis of mof mutation: To further our study of
MSL variants, mutation of a different MSL gene (mof;
HILFIKER el al. 1997) was analyzed (Figure 6, A and B).
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Ficure 3.—DNA QPCR analysis of C(1)DX (XX/X; white); y’, /X, and C(1)DX (XX/Y; light gray); and y’, f//Y, and X/Y (X/
Y; dark gray). The relative DNA copy number of Dspt6 (an X-linked gene) in metafemale, female, and male against an autosomal
gene Dspt4 was measured. For each genotype, no dilution and a twofold dilution of samples are measured.

Since mof'is X linked, only three types of larvae could
be isolated (mof'/balancer, balancer/Y, and mof'/Y). The
expression of Dspt6 in the mof' hemizygous male was
reduced 2-fold and the expression of 6-Pgd, para, and
Dspt4 in the mof' male did not vary significantly when
compared to expression in the balancer male. However,
a 5-fold reduction of BR-Cwas seen in the mof’ hemizy-
gous male compared with the balancer male. Ten- to
30-fold reductions of Sgs3, Sgs4, Sgs5, Sgs7, and Sgs§were
detected in the mof’ hemizygous male compared with
the balancer male. Finally, a 2-fold increase of the ex-
pression of stwas detected in the mof’ hemizygous male
compared with the balancer male.

It was desirable to examine younger larvae to mini-
mize any effects of dying that might confound analyses
of older larvae. Younger y' mof'/Y males (first and sec-
ond instar) larvae can be separated from the mix of
Basc/ Y and y' mof'/ Basc larvae on the basis of the color
of the mouth hook. Since the BR-C and Sgs genes are
expressed later, beginning at the third instar, only 6-Pgd,
para, Dspt6, and st could be analyzed in these two groups
of early larvae (Figure 6C). Similar to the analysis of
third instar larvae, the expression of Dspt6 was reduced
twofold in younger y' mof’/ Y and the expression of para
was not changed. However, the expression of 6-Pgd was
reduced twofold in younger y' mof’/ Y in contrast to the

lack of significant change observed in the third instar
larvae. Further, a less than twofold (40-50%) reduction
of the expression of st was seen in the younger larvae
in contrast to the twofold increase of expression in the
third instar male. Since the expression of 6-Pgd, para,
Dspt6, and st was analyzed only in the third instar larvae
from wild-type Canton-S (Figure 2), the expression pat-
tern of these four genes at the younger developmental
stage was also analyzed in wild type. The I'M7i female
was crossed to the wild-type Canton-S male. From this
cross, the female offspring was y© and the male offspring
was y . Therefore, the first and second instar male and
female larvae could be separated from each other on
the basis of the color of mouth hook. The RT-QPCR
was performed on the younger wild-type samples and
the expression of 6-Pgd, para, Dspt6, and st was similar
between male and female in all cases (Figure 6D). This
control confirmed the suitability of these analyses in
these young larvae.

DISCUSSION

Validity of the RT-QPCR methodology as used to
investigate the dosage compensation model: It is postu-
lated that the transcriptional product of the majority of
genes, be they autosomal or X chromosomal, is equiva-
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lent in males and females (reviewed in KeELLEY and
Kuropa 1995; CLINE and MEYER 1996). As shown in
Figure 2, our sensitive RT-QPCR analysis agrees with
this assertion, as dosage compensation between wild-
type males and females can be seen at the regulatory
level for five X-linked genes. The one case where dosage
compensation was known not to exist (Lsp-Ia; ROBERTS
and Evans-RoBERTs 1979) did not show dosage com-
pensation by RT-QPCR. These collective data are consis-
tent with the hypothesis that RT-QPCR accurately quan-
titates transcriptional product, verifying the concept
that the steady-state amount of product of a given gene is
usually (but not always) equivalentin males and females.
Taken together with our previous publication (CHIANG
et al. 1999), the work confirms the ability of the TagMan
QPCR and RT-QPCR methodologies to discern twofold
dosage differences at both the DNA and RNA levels in
Drosophila. These studies also substantiate the ability
of the method to work with whole flies as opposed to
using only selected tissues from a fly.

No simple rule for effect of MSL mutations on regula-
tion: Our initial hypothesis was that application of the
TagMan QPCR and RT-QPCR methodologies would
allow us to detect simple rules pertaining to the various
entities comprising the MSL pathway. Surprisingly, our
analyses demonstrated that there is no simple rule that
can explain the effects of the MSL network on regula-
tion. These analyses showed that both autosomal and
X chromosomal genes are expressed in patterns that
could not be predicted in a straightforward manner.
There are genes on autosomes whose expression is al-
tered and genes on the X chromosome that do not
show dosage compensation, and the quantitative anom-
alies are often not consistent with the chromosomal
dosage and/or dosage compensation.

Relative effects on gene expression for the various
mle and mof mutants: Since males carrying homozygous
mlelethal alleles and mof’ hemizygous males can survive
through the late third instar to early pupal stage, the
amount of steady-state mRNA could be analyzed in third
instar larvae. If lethality reflected gene expression in
the homozygous males, one would expect the effect on
the male X chromosome to be as follows: mile' = mof’ =
GET > DQIH > GNT > AAA. (The effect from mle™ is
more difficult to predict since a dominant negative ef-
fect could occur.) Instead, we observed a different order
of negative effects on the expression of X-linked genes:
mof' > mld™ > mile' = DQIH > GET > GNT = AAA.
The limited numbers of X-linked genes analyzed and
the ultimate resolution of RT-QPCR could be responsi-
ble for the similar patterns observed in GNT and AAA
alleles in our analysis. Even so, it is clear from our analy-
sis that the expression patterns we observed are not
simply related to the lethal effects caused by the mie or
mof mutations.

Our RT-QPCR analysis indicated that the interpreta-
tion of regulation of the dosage compensation mutants

is complex. The twofold reductions of BR-C, Sgs4, and
Dspt6 in mle' and DQIH mutants supported the current
model. However, we did not observe the expected two-
fold reduction for the X-linked loci, para and 6-Pgd,
both of which remain dosage compensated in mutant
males [para may be a special case since mle may partici-
pate in its splicing and editing (HANRAHAN et al. 2000) ].
Analysis of younger mof’ mutants (that are not sick)
confirmed the analysis on Dspt6 and para observed at
the later third instar stage. Another unexpected finding
from our analysis was that the reduction of transcripts
from both BR-Cand its downstream Sgsgenes (including
the Sgs4 gene on the X chromosome) was greater than
twofold in both the mof’ and mlé™ male flies. The greater
than twofold reduction suggested that the regulation of
BR-Con the single X chromosome is influenced by these
mutations.

Since the younger y' mof'/Y larvae were still healthy
and all four genes analyzed were dosage compensated
at the younger stage of wild-type flies, the effects we
observed in younger y' mof'/Y males reflect the effect
of the mof mutation on gene expression.

The similarity of the mle and mof data on the expres-
sion patterns of the genes we examined (¢f. Figures 4
and 6) favors the hypothesis that the functions of these
genes are alike. This provides evidence for the upregula-
tion model (in which MLE and MOF act together to
upregulate the male X; reviewed in KELLEY and KURODA
1995; BAsHAW and BAKER 1996; CLINE and MEYER 1996;
LucchHgest 1998; STUCKENHOLZ et al. 1999), rather than
the inverse model (in which the absence of MOF should
differ from the absence of MLE that sequesters active
MOF; BIRCHLER 1996).

Interconnected regulation networks: We postulate
that some of the effects we observed resulted from inter-
connected regulation networks. In particular, expres-
sion of the Sgs genes (on both the autosomes and the
sex chromosome) correlated with the amount of BR-C
transcript in the mutants. This correlation was seen in a
variety of mutants. The most severe reduction was ob-
served in the mof’ mutant. A 5-fold reduction of BR-C,
and 10- to 30-fold reductions of Sgs3, Sgs4, Sgs5, Sgs7,
and Sgs8 were detected in the mof' hemizygous male
compared with the balancer male. A 3- to 4-fold reduc-
tion of BR-C and 3- to 8-fold reductions of Sgs3, Sgs4,
Sgs5, Sgs7, and Sgs8 were detected in ml™ homozygous
males compared with homozygous females. The reduc-
tion of expression of autosomal Sgsgenes is ~2- to 3-fold
in the mle’ and DQIH homozygous males, where the
reduction of BR-C is 2- to 3-fold. Thus, our analysis
delineates a strong correlation between BR-C expression
and expression of the Sgs regulation units in a variety
of flies. Presumably this reflects the regulation network
documented previously, in which BR-C mutations were
shown to decrease the induction of the intermolt genes
Sgs3, Sgs4, and Sgs5 (GuAy and GuiLp 1991; KArIM et al.
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FiGure 4—RT-QPCR analysis of mle' (A and B) and ml¢™ (C and D). The order of each analysis is: (1) homozygous female
(white); (2) 1:1 dilution of homozygous female (white); (3) homozygous male (gray); and (4) 1:1 dilution of homozygous male
(gray). Analysis of the X chromosome genes are shown in A and C and analysis of the autosomal genes are shown in B and D.
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Ficure 5.—RT-QPCR analysis of AAA (A), GNT (B), GET (C), and DQIH (D) on an otherwise deficient (mle') background.
The order of each analysis is: (1) female (white); (2) 1:1 dilution of female (white); (3) male (gray); and (4) 1:1 dilution of
male (gray).
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FIGURE 6.—RT-QPCR analysis of mof’. (A and B) Third instar larvae. (C) Young mof’ larvae. (D) Young larvae from wild type.
(A and B) The order of each analysis is: (1) mof’/Basc (indicated as mof/ +; white); (2) 1:1 dilution of mof'/Basc (white); (3)
Basc/Y (black); (4) 1:1 dilution of Basc/Y (black); (5) mof’/Y (gray); and (6) 1:1 dilution of mof'/Y (gray). Basc indicates the
presence of a balancer chromosome.
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1993). Thus, the data is compatible with BR-C transcript
levels controlling the transcript levels of the Sgs genes.

Developmental effects of MSL mutations: The effects
on regulation of a gene can vary at different develop-
mental stages. The expression of the autosomal gene st
provides a different picture of altered regulation than
the BR-C and Sgs genes do in that st is upregulated in
general, rather than downregulated, in the MSL mu-
tants. An approximately fourfold increase of expression
relative to the wild type was observed in the mle' and mle™
homozygous male mutants. An approximately twofold
increase was observed in the mof' hemizygous mutant.
In contrast to several other genes analyzed, the expres-
sion of st was changed in GET mutants but not in DQIH
mutants. When younger mof’ larvae were analyzed, a
small (40-50%) reduction of the expression of st was
seen in younger male larvae in contrast to the twofold
increase of expression in third instar males. Therefore,
altered regulation of stin these mutants is developmen-
tally regulated, manifesting different regulation asym-
metries between the sexes at different developmental
stages. This underscores the complexity of effects
caused by these mutations.

A structural gene on the X chromosome could have
positive and/or negative regulators on the same chro-
mosome. Similarly, a structural gene on an autosome
could also have positive and/or negative regulators on
the X chromosome. Any specific effect on the X chro-
mosome could then trigger a chain reaction for the
expression of other genes on the X chromosome or on
autosomes. The regulation of the Sgs genes by BR-C was
shown previously (Guay and GuiLp 1991; RENAULT et
al. 2001) and could explain the interrelationships we
observed among these genes. The factor(s) directly or
indirectly involved in the regulation of st is not known.
For example, at least one of the factors could be on
the X chromosome and this unknown factor could be
regulated developmentally. The presence of develop-
mentally regulated factors was further suggested by our
analysis of 6-Pgd. No significant variation of 6-Pgd levels
was observed in third instar larvae of the mof’ mutant
but a twofold reduction was observed in the younger
larvae of the mof' mutant. The point that ensues from
this analysis is that it is necessary to ascertain the behav-
ior of a gene (and when applicable, its interconnected
regulation network pathway) throughout development
to describe the effects of that gene (and when applica-
ble, its network). For example, the more than twofold
reduction of BR-C in some dosage compensation mu-
tants might result from the effect of an interconnected
regulation network of BR-Cand its positive regulator(s).

Implications for understanding development: The
importance of the interconnected regulation networks,
with its resultant complexities, was overlooked in the
past:

1. Understanding the role of aneusomic genomes in

tumor cells or in human genetic diseases (e.g., Down
syndrome) will involve the complexity of intercon-
nected regulation networks. In other words, the etiol-
ogy of some features of Down syndrome may not be
caused simply by the expected 1.5-fold increase of
steady-state transcriptional product from genes on
chromosome 21 (KurniT 1979). The disturbance of
regulation of genes on other chromosomes may be
involved as well.

2. Amore detailed molecular analysis of different func-
tional domains of the dosage compensation complex
could be initiated on the basis of our analysis. The
expected twofold reduction of Dspt6, BR-C, and Sgs4
transcripts provides an opportunity to study the func-
tional domains of MLE in the mle' background. As
illustrated in our study, the function of helicase activ-
ity in MLE could be separated from the lethal effect
caused by a mutation of mle. Without the helicase
activity, the hypertranscription activity of the MSL
complex is still intact. Similar analyses may be ex-
tended to other msl genes.

3. No two genes share a common expression pattern
in all the mutants we analyzed. Therefore, regulation
happens at the level of each individual gene. Indeed,
our analyses show that it is not possible to predict
the dosage of a gene in a given MSL mutant. The
situation is further complicated by the finding that
dosage varies at different developmental stages. The
fact that young mutant larvae can give different re-
sults than older mutant larvae is additional evidence
for the regulation network idea, as indirect effects
may be amplified with time and/or proximity to
death.

Desirability of global analyses: With the demonstra-
tion that the MSL pathway yields more complex regula-
tion of gene expression than was previously thought, this
requires more complicated analyses to identify pathways
affected by the MSL genes. In turn, indirect effects of the
MSL mutants can be expected, potentially extending to
unexpected effects affecting entire pathways. Thus, a
more global comparison such as microarray analysis
(ScHENA et al. 1995; CHURCHILL 2002) is indicated to
outline the genes that belong to potential pathways (e.g.,
the Sgs genes regulated by BR-C gene) influenced by
the MSL genes. Indeed, this technology has been used
to study sex determination in Drosophila (CHURCHILL
and OLIVER 2001; JiN et al. 2001). Greater detail for
the members of an indicated pathway can then be ob-
tained by analyses using methodologies such as those
presented herein that can potentially detect small differ-
ences. Although our data demonstrated that regulation
of a gene cannot be deduced a priori, it can be measured
using RT-QPCR analysis in a given case. With the success
of such analyses, more MSL alleles could be analyzed
and the effect of the genes constituting the MSL pathway
on expression of a given gene can be unraveled.
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