Dosage compensation and inverse effects in triple X

metafemales of Drosophila

Lin Sun?, Adam F. Johnson?, Ryan C. Donohue®’, Jilong Li®, Jianlin Cheng®<, and James A. Birchler®?

2Division of Biological Sciences, °Computer Science Department, and “Informatics Institute, University of Missouri, Columbia, MO 65211

Contributed by James A. Birchler, March 25, 2013 (sent for review January 18, 2013)

Dosage compensation, the equalized X chromosome gene expres-
sion between males and females in Drosophila, has also been
found in triple X metafemales. Inverse dosage effects, produced
by genomic imbalance, are believed to account for this modulated
expression, but they have not been studied on a global level. Here,
we show a global expression comparison of metafemales (XXX;
AA) with normal females (XX; AA) with high-throughput RNA-
sequencing. We found that the majority of the X-linked genes in
metafemales exhibit dosage compensation with an expression level
similar to that of normal diploid females. In parallel, most of the
autosomal genes were expressed at about two-thirds the level of
normal females, the ratio of inverse dosage effects produced by the
extra X chromosome. Both compensation and inverse effects were
further confirmed by combination of X-linked and autosomally lo-
cated miniwhite reporter genes in metafemales and relative quan-
titative PCR of selected genes. These data provide evidence for an
inverse dosage component to X chromosome compensation.

aneuploidy | epigenetics | transcription

In Drosophila, the expression of genes on the monosomic X
chromosome in males is up-regulated approximately twofold to
equal the level of the two X chromosomes in females in a process
referred to as dosage compensation, which has been hypothe-
sized to be accomplished by the male specific lethal (MSL)
complex (1, 2). The protein components of this complex are
associated with the X chromosome in males but not in females
(1, 3-5). However, there is also evidence for dosage compensa-
tion of X chromosomal genes in triple X metafemales (6-10),
which have no MSL complex. When the MSL2 protein was ec-
topically expressed in females and metafemales, no changes of X
chromosome expression were observed (10). In addition, no loss
of dosage compensation occurred and many autosomal genes
were up-regulated in the maleless (mle) mutant males in which
the complex is dissociated (11-14). From these data, it was sug-
gested that the MSL complex did not act as the direct mediator
of dosage compensation. In contrast, inverse dosage effects pro-
duced by genomic imbalance are believed to play an important
role in modulation of X expression and some other genotypes
with compensation (8-10, 15-17).

The inverse dosage effect refers to the negative relationship
between gene expression and chromosomal dosage. The effect
has been modeled to result from the impact of altered subunit
stoichiometry on the assembly and function of multisubunit
molecular regulatory complexes (15-18). This response has been
demonstrated by gene expression analyses in dosage series of
chromosome arms in maize (15, 16, 19) to involve several
modulations across the genome, both in the varied and non-
varied segments, and similarly in Drosophila (10, 20-22). The
pervasiveness of this effect is illustrated by a compilation of 38
segmentally autosomal trisomic effects on only eight random
gene products (23-28) (Table 1). Over 80% of the segments
affected the expression of at least one gene (Table 1). Although
the detected modifications may be either positive or negative
correlations with the chromosome dosage, negatively acting in-
verse dosage effects are most prevalent (15, 16, 19) (Table 1).
When chromosomal segments of substantial size are reduced
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from two doses to one in a species in which it is possible, dosage
compensation will result for many of the genes on the varied
segment via an inverse dosage effect increasing the expression
of genes on the single chromosome (15, 16, 19).

Results

To address whether dosage compensation and inverse effects
are present on a global genomic scale in triple X females, we
performed high-throughput RNA-sequencing experiments using
total mRNA from third instar larvae of metafemales (XXX),
females (XX), and males (XY) from the same cultures (Fig.
S1A4). Gene reads from three biological replicates were averaged,
and a ratios distribution analysis for all expressed isoforms was
conducted by comparing the metafemales (XXX) with normal
females (XX) (Fig. 1), which were plotted in bins of 0.05
increments. This type of analysis provides strong power to de-
termine trends of gene expression because hundreds of data
points (transcript isoforms) are present in the major bins. From
the frequency distribution of X-linked genes (Fig. 14), we found
that the majority of the genes on the triple X chromosomes have
similar total expression levels as normal diploid females, with the
highest peak at a ratio of 1.0 (no change). Furthermore, the
whole distribution is roughly centered around 1.0, which indi-
cates that dosage compensation of the X chromosomes occurs in
metafemales; otherwise, the distribution would be centered
around 1.5, the value indicative of gene dosage effects (3/2).
Indeed, some gene dosage effects were detected as a minor peak
at a ratio of 1.5, representing a set of genes that do not com-
pensate. Another minor peak is present near the ratio 0.75,
which is indicative of overcompensation and is likely to represent
X-linked genes doubly inversely affected (see below). Similar cases
of dosage compensation have been reported in other aneuploids
(15, 16, 20, 22).

As illustrated previously (10, 15, 16, 18, 19, 29), these inverse
dosage effects modulate genes not only in the varied segments
but elsewhere in the genome. Our analysis of triple X females
illustrates this relationship. We analyzed the ratios distribution
in the various comparisons for autosomal genes (Fig. 1B). The
highest frequency of the bin distribution for metafemale/female
ratios is centered around 0.70, which is almost identical to the
ratio of an inverse dosage relationship (2/3) caused by the triple
X chromosomes compared with diploid females (XX), suggest-
ing the expression of many autosomal genes is shifted downward.
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Table 1. Selected literature compilation of inverse dosage effects in segmental trisomics
Trehalase
Region aGPDH oGPO SDH Ddc Dnase-1 Fumarase Kf  Abdomen Soluble thorax Insoluble thorax
21A 25A -
25A 27E 145 069 ~123 075
27E 30F 1.2
30F 35BC 0.78
35BC 38C 0.76 0.77
36EF 37D 151
37D 38C 0.83
38C 41 0.44
41 43C -
40 43C 0.8 0.83 0.84
43C 45F 0.65 0.85 0.81 0.74 ~0.78 0.77
45F 47E 0.68 0.82
47E 50C
50C 52E 1.46 -
52E 54F 0.73
54F 57B
56D 57B 0.84
57B 59B 0.73
59B 60F
61A 64E - 0.73
64E 67C 0.79 -
67C 70C 0.82 + 0.77
70C 74A 0.71 - ~0.68 0.81
72D 76B ~0.83
74A 76F
76E 79D -
74A 79D 0.52 0.84 0.71
79D 83CD 0.77 0.8 0.85 0.81
83EF 86B 0.85 + 0.85
86B 88C 0.65 0.77 0.85
88C 91B 0.76 0.64
90E 91B -
91B 93F 0.62 0.78 ~1.25
93F 96A 0.73 - 0.8 ~0.83 0.75
96A 97F -
96A 97F female 0.8
97F 100F 0.73 0.7 0.61
101A 102F

Enzyme activity ratio of segmental trisomics to euploids is shown. Underlining or “+" indicates increased expression indicative of
a dosage effect and location of the gene, and “—" indicates inverse dosage effect (values <0.85). Data compiled from specific references
were as follows: a-glycerophosphate dehydrogenase («GPDH) (23), a-glycerophosphate oxidase-1 (¢GPO) (23), succinate dehydrogenase
(SDH) (23), dopa decarboxylase (Ddc) (24), DNase (Dnase-1) (25), fumarase (26), kynurenine formamidase (Kf) (27), and Trehalase (28).

A shoulder of the distribution is present at 1.0, which represents
no change. A minor peak surrounds the ratio of 0.44, which is
a doubled inverse effect that has also been observed in segmental
trisomic studies (23) (Table 1) and suggests independent and
additive effects. As noted above, the minor peak at about 0.75
for X-linked genes likely represents the same phenomenon. Se-
lected gene expressions from RNA-sequencing with different
locations on the X chromosome and autosomes were validated
using relative quantitative PCR (Table 2) with an exogenous
control, from which similar ratios were found.

By the nature of sequencing reactions, it is necessary to adjust
the read count in each lane to the total because of the high var-
iability from one sample to another. When a majority of mRNA is
modulated in the same direction in the experimental sample
relative to the control, the potential exists that the magnitude
of such effects would be diminished (30). In many analyses of
sex chromosome dosage compensation, sex chromosome expres-
sion is specifically normalized to autosomal expression on the
assumption that there is no change of the latter. Beyond the
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requisite sequencing normalization, we have treated the X and
autosomal expression values independently because the nature of
the inverse effect will partially cancel itself. This approach is
justified in two ways. First, minor peaks of gene dosage effect for
the X or no change for the autosomes conform to the expected
values. Second, the effects were phenotypically confirmed on an
absolute level as described below.

Male/female ratios were also examined for the X and the
autosomes. The X-linked genes formed a major peak slightly
below the value of 1.0, which would represent full compensation.
A clear shoulder is present at about 0.50, which represents no
compensation. Autosomal ratios surround a value of 1.0, which
represents no change. A major spike to the far right represents
genes with large quantitative differences between the sexes.

In the few experimentally produced aneuploids in which
monosomics and the corresponding trisomics of the same chro-
mosomal region can be produced (15, 16, 19), or in the case of
single genes that produce an inverse dosage effect (18, 29), there
is often but not universally the opposite effect in the monosomics

Sun et al.
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Global endogenous gene expression ratio distributions of metafemales (XXX; AA) compared with normal females (XX; AA). Metafemales and normal

females were obtained from crosses of C(1)DX, y w /Y females with y* w* /Y males. The global expression pattern of these genotypes was obtained by
mRNA-sequencing and analyzed by generating the ratio distributions. Ratio distributions of endogenous genes from metafemales were compared with those
of normal females, separated into X-linked genes (A) and autosomal genes (B). Ratio distributions of expressed endogenous genes from males were compared
with those of normal females, separated into X-linked genes (C) and autosomal genes (D). The solid blue line represents the ratio “1.0” (no change), the
dashed blue line represents the ratios “1.5"” (A) and “0.5” (C) (the ratio of gene dosage effects), and the dashed black line (B) shows the ratio “0.67" [the ratio
of inverse dosage effects (2/3)]. Three biological replicates were performed for each genotype. A K-S test of the X chromosome distribution revealed a sig-
nificant deviation from a normal distribution for a dosage effect surrounding a value of 1.50 (P < 1.0 x 10~"7). A K-S test for autosomal genes revealed

a significant deviation from a normal distribution for no effect surrounding the value of 1.00 (P < 1.0 x 10~

vs. trisomics. To determine if this relationship exists for the X
chromosome, transcript isoforms in the metafemale/female ratio
distribution in the compensated range of 0.9-1.1 were matched
from the male/female comparison. The distribution of this subset
of isoforms, which are closely centered around the value of
compensation in metafemales, is similar to the full distribution
of male/female ratios. There is a small peak around the ratio of
0.50 indicating a small group of genes that are not compensated
in males but are compensated in metafemales (Fig. S2). A
Kolmogorov-Smirnov (K-S) test of the subset distribution com-
pared with the parental distribution indicated that the subset
distribution was significantly different (P < 5 x 107°).
Reciprocally, the transcript isoforms that exhibit a dosage ef-
fect in metafemales in the range of 1.40-1.60 were selected from
the male/female comparisons, and their distribution was plotted.
The distribution is similar to the overall male/female pattern
but with a peak near the range of no compensation. This analysis
indicates that the genes showing a dosage effect in metafemales do
not necessarily fail to show compensation in males compared with
females, but there is overlap (Fig. S3). A K-S test indicated that
the two distributions are not significantly different (P = 0.10).
These comparisons of compensation and dosage effects be-
tween metafemales and males should be tempered with several
considerations. First, selection for sex-biased expression based on
optimization for sex-specific functions might be independent to
some degree of the process of dosage compensation, producing
a different response in males compared with metafemales. Sec-
ond, selection has been operative on male X chromosomal ex-
pression levels since the degeneration of the homolog to produce
the heteromorphic sex chromosome condition, whereas there

Sun et al.

17),

has been no natural selection operating to produce compensation
in metafemales, again providing the potential for divergent
responses. Third, there is evidence for a lack of gene dosage ef-
fect, or buffering, in deficiency heterozygotes (31-33) that is po-
tentially independent of the inverse dosage effect and could
account for compensation in males but not metafemales.

With the availability of miniwhite reporter genes on the X
chromosome (M30) and the autosomes (M9) (34), we made
crosses (Fig. S1 B and C) to obtain metafemales with these re-
porter genes (Fig. 2) to test phenotypically whether inverse dosage
effects and dosage compensation occurred in metafemales. The
endogenous white gene resides on the X chromosome, but it is
mutant in this material, allowing white transgenes in different
genomic locations to be assayed phenotypically. Metafemales
rarely survive to the adult stage but were, in fact, used originally to
establish that dosage compensation occurs in this genotype (6).
This test provides an absolute phenotypic validation of the RNA
analyses. When one copy of the X chromosome M30 reporter was
present (Fig. S1B) on one X chromosome in males, females, and
metafemales, the highest expression level was detected in males,
an intermediate level was detected in females, and the lowest
expression was detected in metafemales (Fig. 24). If the X chro-
mosomes are dosage-compensated with different doses (6-10),
total expression (set to 200% total in diploids) will be divided by
the number of chromosomes. In other words, a single X chro-
mosome has a 200% (200%/1) expression level in males (XY),
100% (200%/2) expression level in females (XX), and 67%
(200%/3) expression level in metafemales (XXX). Thus, the
results with the single M30 reporter showing a gradient of eye
color are consistent with an inverse dosage effect operating on
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Table 2. Validation of RNA-sequencing using relative quantitative PCR

RNA-sequencing,

Relative

Gene name Location metafemale/female quantitative PCR Max Min
Ssp3 2L 0.67 0.602 0.755 0.48

Jet 2L 1 1.179 1.325 1.048
Ssrp 2R 0.67 0.524 0.576 0.477
Magu 2R 1 1.132 1.273 1.007
Lysp 3L 0.167 0.114 0.136 0.097
CG16758 3L 0.512 0.259 0.304 0.221
Oxt 3L 1 1.043 1.311 0.829
Kap-alpha1 3L 1 0.942 1.028 0.863
Ac76E 3L 1.98 1.34 1.607 1.117
Sp7 3R 0.37 0.214 0.252 0.181
Gish 3R 0.67 0.595 0.655 0.541
Nup358 3R 0.67 0.693 0.791 0.607
Rpl3 3R 1.18 1.046 1.23 0.89

Sw X 1.5 1.341 1.435 1.253
Out X 1.5 1.313 1.443 1.196
Ag5r2 X 1.5 1.571 1.675 1.473
TLK X 1 0.932 1.01 0.86

Ing3 X 1 0.954 1.204 0.756
CG9577 X 1 1.028 1.192 0.886
Myb X 1 0.908 1.08 0.763
Eo-ry X 1.4 1.475 1.719 1.265
fog X 0.96 0.928 1.126 0.764
Karl X 0.829 0.574 0.671 0.492
CG15771 X 1.76 1.529 1.924 1.215

Ratios of selected gene expression when metafemales (XXX; AA) were compared with normal females (XX;
AA) are shown. Three biological and technical replicates were applied to each genotype in RT-PCR. The relative
quantification (RQ) for each pair of primers was measured based on the ACt analysis according to the instruc-
tions from the manufacturer (7300 Real-time PCR system, sequence detection software version 1.3.1; Applied
Biosystems). The data were analyzed with calculation of the 95% confidence interval. The average RQ of each
gene with its maximum RQ (Max) and minimal RQ (Min) is shown.

white in each X chromosomal genotype. These three genotypes of
flies were also produced with the autosomal M9 reporter (Fig.
S1C). The varied number of X chromosomes shows an influence
on the expression of this reporter with a similar gradient expres-
sion trend (Fig. 2B), which further confirmed the autosomal ex-
pression near 67% found in metafemales.

Discussion

Given the generality of the inverse effect across phylogenetic
distances, it seems likely that other cases of sex chromosomes
might use this effect to mediate compensation or, alternatively,
must mute the effect to prevent detrimental effects of the change
of sex chromosomal dosage. The inverse effect is prevalent in
data from maize and Drosophila, which are obviously widely
separated phylogenetically. This fact suggests that the inverse
effect is the reflection of generalized mechanisms of gene ex-
pression in eukaryotes. Studies of gene expression in yeasts and
mammals in disomics or trisomics have reported differing results
as to compensation and trans-effects (e.g., refs. 35-38) vs. claims
of primarily dosage effects of the varied genes (e.g., refs. 39, 40).
Here, a substantial fraction of the Drosophila genome (~20%)
was varied and a mosaic pattern of effects was observed, but with
a majority of genes being inversely affected. Thus, the impact
might be considered to be greater than varying individual chro-
mosomes in other species that constitute much smaller fractions
of the genome. Single chromosomes or segments might therefore
be expected to exhibit a spectrum of effects. Indeed, the inverse
effect can be reduced to the action of single genes whose function
is integral to gene expression (e.g., ref. 18). Because of the het-
erogeneous nature of the genes that produce an inverse dosage
effect, it has been hypothesized that the effect is a reflection of
the kinetics of macromolecular complex function rather than

7386 | www.pnas.org/cgi/doi/10.1073/pnas.1305638110

a particular type of activity (17). Thus, it seems unlikely that the
kinetics responsible would be unique to different taxa unless
some other process counteracts these effects. As noted above,
the inverse effect, by its nature, will be obscured if expression
values of the varied chromosome are normalized to the re-
mainder of the genome and produce falsely generated dosage
effects for the varied chromosome. The fact that the inverse
effect can be visualized phenotypically and reduced to the action
of single genes (refs. 8, 9, 18, 22, 29, 41 and this work) illustrates
it is not itself an artifact of normalization.

The combination of a gene dosage effect and an inverse effect
will result in dosage compensation. When a gene dosage effect
of structural genes is set to 100% in normal diploid females,
the effect will be 50% in single X males and 150% in triple X
metafemales. However, when the inverse dosage effect on each
X chromosome in normal diploid females is set to 100%, the
effect produced by the varied X chromosome will be 200% in
males and 67% in metafemales (Fig. 3). The potential reduction
of structural gene expression to one-half of the diploid level in
males would be brought back to the normal female diploid level
by the twofold increase. Reciprocally, the increase of gene ex-
pression via one extra X chromosome in metafemales would be
cancelled to achieve compensation by the two-thirds reduced
expression operating on each copy.

Dosage compensation also occurs in triploid flies that have
one or two copies of the X chromosome compared with the three
copies present in triploid females (42, 43). However, the mag-
nitude of modulation is different from males and metafemales.
The magnitude of change to account for compensation is such
that the inverse effect can also account for the differential
modulation of the X chromosome in metamales (X; AAA) and
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Fig. 2. Expression comparisons of reporter genes in males (XY; AA), females (XX; AA), and metafemales (XXX; AA). Metafemales with the reporter genes were
obtained from the described crosses (Fig. S1). (A) Eye color comparisons of an X-linked reporter, M30. One copy of the miniwhite reporter was present in males
(M307Y; A/A) (Lower), females (M30/X; A/A) (Upper Right), and metafemales (M30/X/X; A/A) (Upper Left). (B) Eye color comparisons of an autosomal reporter, M9.
The homozygous miniwhite reporter gene was examined in males (X/Y; M9/M9) (Lower), females (X/X; M9/M9) (Upper Right), and metafemales (X/X/X; M9/M9)
(Upper Left). Each genotype with the reporter gene is shown in the box, and the reporter gene is designated by the yellow dot. IDE, Inverse Dosage Effect.

triploid intersexes (XX; AAA) that exhibit compensation relative
to triploid females (XXX; AAA).

A popular hypothesis to explain X chromosome dosage com-
pensation in Drosophila involves the MSL complex (1). This
complex is composed of at least five proteins and two noncoding
RNAs, and it is highly enriched on the male X chromosome. One
of the components is the product of the males absent on the first
(mof) gene, which is a histone acetyl transferase that catalyzes
elevated levels of H4 Lys16Ac. Because acetylation fosters open
chromatin and is characteristic of high gene expression, this
hypothesis is straightforward.

Dosage Compensation

Total expression from X chromosomes

Male (XY) Female (XX) Metafemale (XXX)
50% 100% 150%

Fig. 3. Dosage compensation in males (XY), females (XX), and metafemales
(XXX). If gene dosage effects in the various genotypes are set to the gene
copy relationship (horizontal axis percentage) and inverse dosage effects on
each X chromosome (designated percentages in boxes) are set to 100% in
normal diploid females (XX), the total expression of X chromosomes will be
200%. Once one X chromosome is lost over evolutionary time in males, the
gene dosage effects will be at 50%, whereas the inverse dosage effects
produced by this monosomic X chromosome will be 200%, by which dosage
compensation is achieved. On the other hand, the increased gene dosage
effects (150%) in metafemales are cancelled by the inverse dosage effects
(67%) to equalize their expressions in normal females.

Sun et al.

However, the MSL hypothesis does not account for dosage
compensation in metafemales, which is documented on the
global level in this study. Compensation in males involves a
twofold up-regulation, whereas compensation in metafemales
involves a two-thirds down-regulation. There is no MSL complex
in metafemales (10), and, indeed, its presumed action would not
predict an involvement. Furthermore, as noted above, there is
evidence for compensation in triploid metamales with one X
chromosome and triploid intersexes with two X chromosomes
compared with triploid females with three sets of all chromo-
somes. The different magnitudes of modulation of the X chro-
mosome in these cases, which are also different from those in
diploid males, are not addressed by the MSL hypothesis.

In a recent study, different types of targeting of the MSL com-
plex to reporters or to the X chromosomes failed to provide any
evidence that association with the MSL complex would cause
a twofold up-regulation compared with the progenitor state with-
out the complex (34). In addition, dissociation of the MSL complex
does not cause a loss of compensation, but there is evidence that
autosomal gene expression is increased (11-14). Other cases of
compensation in the absence of the complex have been reported
for the male germline (44) and partially in early embryos before
the MSL complex is sequestered to the X chromosome (45).

These considerations lead to the idea that a modulation in-
versely related to the dosage of the X chromosome relative to the
autosomes provides a mechanistic solution to explain compen-
sation in the different genotypes of the X chromosome that
compensate with or without the MSL complex (34, 46). The se-
questration of the MSL complex to the X chromosome might have
evolved to mute the potential inverse effect that the monosomic
X chromosome would otherwise produce on the autosomes (12,
14, 34). With such sequestration to high levels, the greatly in-
creased amount of acetylation would tend to overcompensate the
X chromosome. Thus, an additional activity is hypothesized to
have evolved in conjunction with the complex to override the
impact of acetylation on gene expression. Such an activity would
explain why targeting of the complex has no effect on associated
genes (34). Taken together, the data suggest that X chromosome
compensation has capitalized on processes that typically result
from genomic imbalance (47) to achieve equalized expression and
that the MSL complex modifies these effects.
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Materials and Methods

Samples were obtained using genetic crosses and collected based on phe-
notypes of balancer chromosomes and marker genes. Adult metafemales
were separated by the phenotype of y* f*, and the miniwhite reporter
expressions were compared. Total RNA was isolated using TRIZOL Reagent
(Invitrogen), and the mRNAs were purified and high-throughput sequencing
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