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Abstract

Genomic DNA is generally comprised of two types of chromatin: euchromatin,
associated with active gene transcription, and heterochromatin, associated with silenced and
often repetitive DNA. Heterochromatin comprises not only DNA and histones, but
heterochromatin-associated proteins, as well. Heterochromatin silences the genes to which it is
associated, and also displays trans regulatory capabilities. Research in Drosophila has been
fundamental in demonstrating the trans effects of heterochromatin and characterizing the ways in
which it manifests. The Y chromosome in particular has been well-studied, as the chromosome is
completely heterochromatic in Drosophila melanogaster. Evidence of its causal role in
modifying heterochromatin expansion into white, an eye-color gene, was documented by Dmitri
and Pisano in 1989. More recently, Lemos et al showed that polymorphic Y chromosomes can
differentially regulate thousands of genes in both males and in XXY females. This dissertation
encompasses these and other Y-chromosome effects.

In Chapter 1, I investigate the phenotypic responses, in males and females, to the addition
of a free Y chromosome. I utilized attached sex chromosomes (denoted XX and X*Y) to
manipulate these strains so that a free Y chromosome could be stably maintained. I observed that
males exhibited few effects of Y-chromosome aneuploidy, but X*X/Y females exhibited
increased fitness and fertility compared to X" X/0 females. The X"X-carrying offspring of
X"X/Y females, however, exhibited phenotypes mimicking those of hobbed mutants. bobbed

phenotypes occur when the ribosomal DNA (rDNA) locus — a repetitive array of the 455 rDNA



operon located on the X and Y chromosomes in D. melanogaster — contains fewer than the
necessary number of copies to support development. We found that the X*X chromosome loses
rDNA copies when maintained with a free Y chromosome. In Chapter 2, I elaborate on these
findings, observing that additional strains of X*X/Y females can also produce bobbed X*X
offspring. I identify inversion-carrying attached-X chromosomes as prerequisites for the
development of the phenotype, as X" X/Y females whose X*X chromosome did not carry
inversions showed no adverse responses in F1 X*X offspring. In Chapter 3, I examine gene
expression changes at the rDNA-adjacent white™** Jocus in response to environmental
chemical exposures. I found that multiple chemicals can act as enhancers or suppressors of
heterochromatin at the locus, and I focus particularly on responses to cadmium chloride. Finally,
in Chapter 4, I review the role of sex chromosomes as potential causes and mediators of human
diseases, focusing principally on the potential for X- and Y-linked heterochromatin to modify

gene regulation and downstream phenotypes.
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List of Figures with Captions

Chapter 1

Figure 1.1: Y-bearing females have increased fitness and fertility. (A) X*X/Y;
females have shortened development time. The average cumulative number of females eclosing
per vial is plotted up to day 7. The parental cross was either X*X/0 x X*Y/0; X"X/Y s X
XY /Y cs; or X*X/Y congo X XY/Y congo- Both X" X/Y ¢s and X" X/Y congo females eclose earlier and
in greater numbers than X~ X/0 females. n=5 vials per genotype. (B) Y-bearing females are
heavier than X" X/0 females. Groups of ~50 flies were weighed in 5 biological replicates per
genotype. (C) Females carrying either Ycs or Ycongo chromosomes produce more offspring than
X"X/0 females. Ten females were mated to 5 males and offspring counted for 7 days. Each
genotype comprised 4-5 biological replicates (D) Oviposition and offspring development in
XAX/0 and X"X/Y s females. Groups of 10 mated females were allowed to lay eggs for 14 hours.

Data are from 3-4 biological replicates per genotype.

Figure 1.2: Males carrying an extra chrY exhibit a slight loss in fitness. (A) XY
males carrying either Y¢s or Ycongo are smaller than their X*Y/0 counterpart. Groups of 14-50
males (median = 50 males) were weighed in 4-5 biological replicates per genotype. (B) Males
carrying an additional chrY show a slight reduction in fertility. X*Y/0 males produce
significantly more offspring than X*Y/Y congo males (P = 0.006), while the difference in offspring
produced is non-significant when compared to X"Y/Y¢s (P = 0.06). Each genotype comprised 10

vials of 7 males and 8 females.

Figure 1.3: Small RNAs are differentially expressed in X~ X/Y ovaries. (A) Box and

whisker charts comparing the normalized read counts (NRCs) in X*X/0 and X"*X/Y of sense

Vii



(left) and antisense (right) transposable element transcripts. Both comparisons were significant
(sense: P =0.002; antisense: P = 0.003). The inclusive median is demarcated with a horizontal
line and the mean with an X. Outliers are not shown. (B) The fold-change in Su(Ste) sense and
antisense expression in X" X/Y compared to X*X/0. The average of X*X/0 was set to 1.
Statistical significance was determined by comparing the NRC of X*X/0 to X*X/Y for sense (P
=0.036) and antisense (P = 0.030). (C) The average antisense:sense ratio of Su(Ste) transcripts in

X"X/Y is compared to the average ratio in X*X/0 (P = 0.006).

Figure 1.4: Small RNA expression is not disrupted in X" Y/Y testes. (A) Box and
whisker charts comparing the normalized read counts (NRCs) in X*Y/0 and X*Y/Y of sense
(left) and antisense (right) transposable element transcripts. No comparisons were significant.
The inclusive median is demarcated with a horizontal line and the mean with an X. Outliers are
not shown. (B) The fold-change in Su(Ste) sense and antisense expression in X*X/Y compared to
X*X/0. The average of X" X/0 was set to 1. Statistical significance was determined by comparing
the NRC of X*X/0 to X*X/Y for sense and antisense; no comparisons were significant. (C) The
average antisense:sense ratio of Su(Ste) transcripts in X*X/0 is compared to the average ratio in

XAX/Y (P = 0.135).

Figure 1.5: X*X* females have reduced fitness and fertility that is
transgenerationally transmitted. (A) X" X* females have prolonged development and emerge
in fewer numbers than X"*X/0 females. The average cumulative number of offspring per vial is
plotted up to day 7 of eclosion. Left: Male and female offspring of the control cross X" X/0 x
X"Y/0 (n=4 vials). Right: Male and female offspring of the loss-of-Y cross X*X/Y¢s x X*Y/0
(n=13 vials). Compared to X*X/0 females shown on the left, the X" X* females eclose later and

are fewer in number. (B) X" X* females have reduced fertility compared to both the parental
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X"X/Y ¢s strain and the progenitor X" X/0 strain. However, when X" X* females are crossed to
X"Y/Y s males, the fertility of X" X*/Y s female offspring is rescued. In addition to indicated
significant comparisons, all other comparisons are significant at P <0.001. (C) X*X* females
weigh less than X*X/0 females. Groups of ~50 flies were weighed in five biological replicates
per genotype. (D) X*"X* females display reduced posterior scutellar bristle length and thickness
(arrowhead), and abdominal etching and abnormal pigmentation (arrow). (E) X" X* females have
reduced fertility for at least eight generations, while the fertility of X*X/0 is unchanged. X"*X/0
and X" X* females were crossed each generation to X"*Y/0 males and total offspring counted.
The difference in number of offspring between X*X/0 and X" X* females is statistically
significant for all generations (P < 0.001, except for F6: P <0.01). The number of vials per
genotype per cross ranged from 4 to 16 (X*X/0 median: 6 vials; X*X* median: 9.5 vials). (F)

X AX* females display reduced biomass compared to X*X/0 females for three generations (n=
22-30 flies per genotype). In addition to significant comparisons shown above, there are
significant differences between X" X* F1 vs. X*X* F2 (P <0.01) and X*"X* F1 vs. X"X* F3 (P
<0.001). (G) X*"X* reduced biomass can be rescued by re-introduction of chrY. N = ~20 flies
per genotype. In addition to significant comparisons shown above, there are significant
differences between X" X/Y¢s vs. X X* (P <0.001); X*"X/Y¢s vs. X "X*/Ycs (P <0.001); and
XAX* vs. XAX*/Yes (P <0.001). (H) Oviposition and offspring development in X*X/0 and
XAX* females; X*X/0 data is also shown in Figure 1.1B. (I) X*Y* males do not show decreased

fertility compared to X*Y/0 males (n=3 vials per genotype).

Figure 1.6 (counter-clockwise): 455 rRNA expression is mostly concordant in
carcass and ovary of X*X/0, X*X/Y, and X*X* flies. (A) As in other eukaryotes, the

ribosomal DNA in Drosophila is an array of ~300 repeated operons. The structure of one operon



is depicted in detail. Each operon comprises a non-transcribed intergenic spacer (IGS) and the
transcribed 455 sequence, which consists of external and internal transcribed spacers (E7S and
ITS, respectively) and the three RNAs that form part of the ribosome (/8S, 5.8S, and 285). R2
and R/ are retrotransposons that are inserted into some 28S sequences. Cartoon is not to scale.
(B) 458 transcription-associated and gene sequence expression was evaluated with qPCR in

X "X/Y s, XAX/0, and X" X* female carcasses. Each genotype comprised three biological
replicates of 5 flies. Expression from X" X/Y s was set as reference. (C) 455 rRNA expression in
the ovary. (D) Expression of the /8S-I7S1 target is 27 times higher in X*X/Y ¢s females
compared to X*X/0 females, while expression from X" X/0 and X*X* are at similar levels. Note
here that the reference genotype is X~ X/0 rather than X"X/Y s as in Figure 1.6B-C so that the

expression differences can more easily be seen.

Figure 1.6 (counter-clockwise): 455 rRNA expression is mostly concordant in the
carcass and ovary of X*X/Y, X*X/0, and X*X* flies. (A) As in other eukaryotes, the
ribosomal DNA in Drosophila is an array of ~300 repeated operons. The structure of one operon
is depicted in detail. Each operon comprises a non-transcribed intergenic spacer (IGS) and the
transcribed 45 sequence, which consists of external and internal transcribed spacers (E7S and
ITS, respectively) and the three RNAs that form part of the ribosome (/8S, 5.8S, and 28S). R2
and R/ are retrotransposons that are inserted into some 28S sequences. Cartoon is not to scale.
(B) Expression of 455 sequences was evaluated with qPCR in X*"X/Y ¢, X*X/0, and X X*
female carcasses. Each genotype comprised three biological replicates of 5 flies. Expression
from X"X/Y s was set as reference. (C) 455 expression in the ovary. (D) Expression of the /8S-
ITS1 target is 27 times higher in X*X/Y ¢s females compared to X*X/0 females, while expression

from X*X/0 and X" X* are at similar levels. Note here that the reference genotype is X*X/0



rather than X*X/Y ¢ as in Figure 1.6B-C so that the expression differences can more easily be

discerned.

Figure 1.7: RI- and R2-associated sequences have significantly higher expression in
both X*X/0 and X*X* females than in X*X/Y s females. (A) Diagram of R2- and R/-inserted
288 genes. Primer amplicons are labeled 1-5. #1: 28S-5" junction; #2 and #3: internal R2 and R1
sequences; #4: 3°-28S junction; #5: uninserted 28S sequence (negative control). Not to scale. (B)
Transcripts associated with mature R1 and R2, as well as co-transcription from the 28S gene,
were quantified with qPCR in carcasses. Internal sequences with -A and -B suffixes are in order
of appearance in the transcript. Each genotype comprised 3 biological replicates of 5 flies.
Expression from X" X/Y s was set as reference. (C) Transcripts associated with mature R1 and
R2, and co-transcription from the 28S gene, were quantified with qPCR in ovaries. As in the
carcass, each genotype comprised 3 biological replicates of 5 flies and expression from X" X/Y cs

was set as reference.

Figure 1.8: The DNA-damage-associated histone variant H2Av shows no large
differences in expression between X*X/Y ¢, X*X/0, and X*X*, despite increased

transposon expression in X*X/0 and X*X*,

Figure 1.9: X*X* females have reduced copy number of rDNA-associated
sequences. (A) Genome copy number of rRNA sequences in the carcass was quantified with
digital droplet PCR and normalized to the copy number of a single-copy reference gene. Each
genotype comprised 3 biological replicates of 5 flies. (B) Genome copy number of R2- and R/-
associated sequences in the carcass. (C-D) The sum of inserted and uninserted 28S genes is about
equal to the copy number of 5* and 3 285 sequences. For clarity, only the copy number of the 3’

amplicon is shown here. Each graph shows the copy number of the uninserted “no R2” (C) or

Xi



“no R1” (D) targets in light gray + the copy number of the inserted “R2-28S” or “R1-28S” in
dark gray for each genotype averaged over all replicates. These totals are compared to the 3 28S
copy number estimates (in black) from panel A. No within-genotype comparisons were

significant, indicating that these copy-number estimates are reasonable.

Figure 1.10: bobbed emergence requires extended maintenance of chrX*X with
chrY. (A) Cross design to determine the number of generations necessary to establish the LOY
phenotype. The parental PO cross generates first-generation females carrying a Y chromosome.
The F1 females are crossed to X*Y/Y males (indicated by the two arrows to the F2 female) to
generate second-generation females carrying a Y chromosome. The stock now contains both
females and males with a free Y chromosome and the stocks are flipped each generation. (B) The
fertility of X" Xg;+ females remains equivalent to fertility of X*X/0 females. At each generation,
XAX/Y females were crossed to X*Y/0 males to generate X" X* offspring. The fertility of
females carrying the X" X* chromosome that had been in the presence of chrY for 1 generation
(X"Xg1*), 2 generations (X" X2 *), et cetera, was compared to the fertility of X*X/0 females.
After 23 generations of maintaining the XX chromosome with chrY, there was no difference in
fertility compared to X*X/0 fertility, indicating the reduced fertility seen in X*X* offspring from

stock X*X/Y s mothers occurs after at least 14 months.

SI Figure 1.1: Cross design for the development of strains with a free Y
chromosome. Isogenic males carrying Y; (where i = Ycs or Ycongo) Were crossed to a strain
carrying balancers with markers for the second (Duox®) and third (Sh) chromosomes. F1 males
bearing these two markers were selected and crossed to virgin females from BDSC# 995
(C(1;Y)3,In(1)FM7, w' m*/0/C(1)M4, y°). Virgin female progeny bearing the two markers were

collected and crossed to males of stock 995. At this point, flies are isogenic for all chromosomes

xii



except the 4th chromosome. To substitute chr4, single individuals were backcrossed successively
with males and females of stock 995. Virgin females were used for all crosses. After 8

generations of backcrosses, stable stocks of X*X/Y; and X*Y/Y; were established.

Chapter 2

Figure 2.1: rDNA operon subunits and transposable elements. (A) Cartoon and
structure of the repetitive rDNA array and the rDNA operon. (B) Cartoon of R2- and R/-inserted
288 gene. Primer amplicons are labeled 1-3. #1: 28S-5’ junction; #2: internal R2 and R1 sequences;

#3: 3°-28S junction. Not to scale.

Figure: 2.2: Cross diagram for evaluating fertility in other X" X/Y strains.

Figure 2.3: Copy number of rDNA-associated sequences in 995 X*X/0 and Cs10-
originating X~ X* females. X" X copy number was measured directly in 995 X*X/0 females and
compared to CN in X" X* (offspring of X*X/Y s females). The reduced rDNA copy numbers in
X X* indicate that after XX is maintained with a free chrY for multiple years, there is a

reduction in X-linked rDNA copy number. Data is also presented in Chapter 1, Figure 1.9A-B.

Figure 2.4: Females carrying C(1)M4 and a free chrY have fewer copies of rRNA
genes and retrotransposon-associated sequences than females carrying C(1)RM and a free
chrY. Females of C(1)M4 strains 1277 and 12555 have very low viability if they are not
maintained with a free chrY, while females of C(7)RM strain 33060 exhibit no adverse effects
when reared as X" X* females. The 33060 X*X chromosome has more copies of rDNA operons

than 1277 or 12555 XX chromosomes, a difference significant only for the 28S target sequence.
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(B) The 33060 X*X chromosome also has more copies of many R2- and R/-associated

sequences than 1277 or 12555 X*X chromosomes.

Figure 2.5: Cross diagram for evaluating the effect of heterozygosity in Cs10, 1277,
or 12555 X*X/Y females. The top left depicts the X*X/Y female from strain Cs10, 1277, or
12555, and the top right depicts a male from one of the outcrossing strains; an X*Y/Y genotype

is depicted in the cartoon.

Figure 2.6: Heterozygous X" X/Y s females produce X" X* offspring with increased
fertility. (A) Cartoon of crosses used to compare fertility of X" X* females from homozygous or
heterozygous mothers. In the top right in blue are the autosomes from outcrossing strain 4361.
Not depicted is the cross of Cs10 X*X/Y to 995 X*Y/0 males as the control cross in the F2
generation. (B) Heterozygous X"*X/Y females produce X" X* offspring that are more fertile than
those from homozygous X*X/Y females. When Cs10 females are outcrossed to males from
strain 4361, and the F1 heterozygous X*X/Y females are outcrossed to X*Y/0 males, the
resulting F2 X*X* females are significantly more fertile than X~ X* originating from a Cs10
homozygous mother. X*X* maternal genotype is shown on the Y axis. (C) X" X* females from a
heterozygous lineage produce more female offspring than X*X* females from a homozygous

lineage. Maternal genotype is shown on the Y axis.

Figure 2.7: A rDNA-deficient chrY has variable effects on X*X chromosomes. (A)
Strain 33060 showed no LOY or bobbed phenotype in X*X* offspring, and introducing Y39 to
homozygous stock X*X/Y females did not significantly change the proportion of female
offspring. Strain 59968 showed no bobbed phenotype in X*X* offspring, but produced fewer

X" X* females than males. When Y39 is introduced to homozygous stock 59968 X*X/Y
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females, however, the X" X/Y 539 offspring are both few in number and proportion. This
phenotype is more adverse than that found in X*X* offspring. The x-axis shows the parental
genotypes; each cross comprised 2 replicate vials, except for 59968 X" X/Y x XY 39, which
comprised 4 replicates. (B) A rDNA-deficient chrY is unable to support females carrying
C(1)M4 X" X chromosomes. Strains Cs10, 1277, and 12555 produce few eclosed adult female
offspring carrying Ys39. (C) Females maintained as X*X/0 are viable after introduction of Yy39.
Females from three stock populations maintained without a free Y are crossed to XY39 males

and F1 X*X/Y 39 offspring eclose in about equal numbers as their X0 male siblings.

SI Figure 2.1: X*X/Y mothers produce male and female embryos. Mated X" X/Y 12555
and X" X/Y 1277 females produce X"Y/Y and X" X* embryos, even though X"X* offspring do not
complete development to adulthood. DNA from embryos was extracted and targets for two
sequences were amplified: ITS1-5.8S (241 bp) is a positive control to ensure the presence of
DNA in the sample, and k15 (108 bp) is a Y-linked gene to identify male embryos. Asterisks
below each well indicate experimental samples that are X*X* females. Positive and negative

control genotypes are in wells 7-9. Well 1 is a 100 bp ladder.

Chapter 3

Figure 3.1: Chemical exposure can increase or decrease PEV in male D.
melanogaster eyes. (A) Representative eyes for eye color scale. (B) Distribution of eye color
scores in In(1)w"*"/Yes and In(1)w"#"/Ycongo genotypes after chemical exposure. The y-axis is

the percent of eye scores that fall into the indicated score groups in the legend. Asterisks indicate
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significance at Bonferroni-corrected P < 0.05. (C) Representative eye photos of compounds that

altered white expression.

Figure 3.2: Chemical exposure enhances or suppresses PEV in a dose-dependent
manner. (A) Exposure to increasing doses of 2,4,5-TAA and lithium chloride enhances
variegation, while increasing doses of DBCP-EDB and magnesium sulfate suppresses
variegation. (B) Cadmium chloride caused enhanced variegation in both in PEV-phenotype
males and in males heterozygous for the loss-of-function Su(var)3-10 mutation (see SI Figure 3.1
for cross diagram). All trendlines are fit with a linear model, except LiCl and CdCl,, which are

fit with an exponential trendline.

Figure 3.3: Only w™* variants respond to CdCl: exposure. None of the autosomal

variegating strains showed enhanced variegation upon CdCl> exposure, while the w™* variant

wm4e m4h

showed a similar response as w”*". (Note that HA-1925 does not variegate under normal

conditions, but variegation can be induced by introducing a E(var) mutation.)

Figure 3.4: Differentially expressed genes are distributed throughout the genome.
With a few exceptions, CdClx-induced DE genes are not localized to specific genomic loci. The
few exceptions, indicated with an asterisk, contain no enrichment for gene ontology categories
except for the cluster on chromosome 3R, which is enriched for metal ion and immune response
terms. The distribution of significant genes in each window is shown in black and 95%

confidence intervals in grey.

Figure 3.5: Males carrying brown?ominant and vermillion mutations also show

enhanced variegation after CdCl: exposure.
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Fig. 3.6: HDAC inhibitors can rescue enhancement of PEV in CdCl:-exposed flies.
(A) Representative eyes from 0.25 mM CdCl> + HDAC inhibitor, and their relevant controls, are
shown. HDAC doses shown are 12 mM PBA; 80 mM niacin; 10 uM TSA. TSA displayed a
pronounced su(var) effect, while PBA and niacin had small to no su(var) effects. (B) Distribution
of eye color scores in control CdCl flies and HDAC inhibitor-reared flies. Experiments were
done over a period of multiple months so CdCl,-only control data for each experimental set is
(continued) also shown. The y-axis is the percent of eye scores that fall into the indicated score

groups in the legend. The median score for each exposure is shown within each bar.

SI Figure 3.1: Crossing scheme to generate males that bear the w"#" inversion and
either a Ycs or Ycongo chromosome. We refer to In(1)w™#; TM3 genotype as “PEV male”

in the text.

Chapter 4

Figure 4.1 Dosage compensation mechanisms in human (Homo sapiens), fly
(Drosophila melanogaster), and worm (C. elegans). X chromosome dosage needs to be
equalized between the sexes and relative to the autosomes. In humans, females with two X
chromosomes undergo X inactivation of one chromosome; the remaining active X up-regulates
its genes twofold. In flies, both female X chromosomes are active; male X-linked genes are up-
regulated twofold. In worms, which utilize a hermaphrodite/male sex determination pathway,
hermaphrodites express X-linked genes at half the rate of males, with both genotypes expressing

two times the amount of X-linked genes**>*. Chromosomes are not drawn to scale.
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Figure 4.2 Position-effect variegation in Drosophila. The stochastic expansion of
heterochromatin proteins in each cell can cause a variegated eye color phenotype in Drosophila.
At the top of each figure is a representation of DNA within a cell, the middle is a representation
of the location of heterochromatic proteins within a locus, and at the bottom is the observed eye
color phenotype. (A) A fly whose cells contain the white gene located exclusively in
heterochromatin, and thus inaccessible for transcription, will have white eyes devoid of red
pigment. (B) A combination of cells with the white gene located in heterochromatin and cells
with the white gene located in euchromatin, and thus available for transcription, will have a
mottled phenotype with some cells producing red pigment and some cells producing no pigment.
(C) A fly whose cells contain the white gene located exclusively in euchromatin will have fully

pigmented red eyes.

Figure 4.3 Relative sizes of the X and Y chromosomes in human (H. sapiens), mouse
(Mus musculus), and fly (D. melanogaster). Drawn to scale. Gene counts are for protein-coding
genes and do not reflect the number of copies in multi-copy genes. H. sapiens and M. musculus
data obtained from Ensembl database release 73 [91] and Pertile and Graham [96]. D.
melanogaster X and Y chromosome size obtained from the literature®°°. X chromosome gene
count obtained from Ensembl database release 73°!. Y chromosome gene count from the

literature3%%°,
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List of Tables with Captions

Chapter 1

Table 1.1: A list of all genotypes and stocks used in this study. “Year added” is the
year the strain was added to the BDSC collection, except for Y congo- and Ycs-bearing strains, for

which the year created is listed.

Table 1.2: X*X* females have few uninserted 285 genes. Copy number estimates from
the 3° 288, 28S-R2, and 28S-R1 targets were used to calculate the number of R2- and R/-inserted

units.

SI Table 1.1: List of all primers used in this study.

Chapter 2

Table 2.1: A list of all strains used in this study. “Stock number or name” is the BDSC
stock number or the lab-assigned name. “Year added/created” is either the year added to the

BDSC collection or the year the strain was created or collected in our lab.

Table 2.2: Some X" X/Y stocks show no loss of fertility upon losing chrY. Number of
offspring and % female offspring from X*X/Y females carrying C(1)A4, C(1)RM, and C(1)M3
attached-X chromosomes (9565, 33060, and 59968, respectively). Heterozygous F1 X*X* and
X"X/Y females of genotypes 9565/995; 33060/995; and 59968/995 were crossed to 995 X*Y/0
males and the data is presented below. The total number of offspring from two vials and the %

female offspring are shown.
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Table 2.3: X*X/Y females from C(1)M4-carrying stocks 1277 and 12555 produce
almost no X*X* female offspring. X*X/Y females were mated to 995 X"Y/0 males and the
number of male and female offspring was counted. Each genotype had three replicate vials and

the average and standard deviation are shown.

Table 2.4: X*X/Y females from C(1)M4-carrying stocks 1277 and 12555 produce
female offspring when mated to males carrying a free chrY. F1 X*X/Y females are produced
when mothers from stocks 1277 and 12555 are mated to Cs10 X*Y/Y males. Each genotype had

three or four replicate vials. The average and standard deviation are shown.

Table 2.5: Inserted 288 copy numbers on 1277, 12555, and 33060 X*X chromosomes.
Genome copy number estimates from the 285, 285-R2, and 285-R1 targets were used to calculate

the number of R2- and the number of R/-inserted units.

Table 2.6: A heterozygous genetic background in Cs10 X" X/Y females can further
bias F2 offspring towards males. For tables 2.6-2.8, column I is the average % F1 female from
the PO females and PO males indicated; column II is the average % F2 females from cross of the
F1 female indicated and 995 X"Y/0 males; column III is the P-value comparing the difference in
the % female offspring in the PO cross compared to the F1 cross, which indicates how loss of
chrY in the F2 females affects viability; and column IV is the P-value comparing the % F2
female offspring in the homozygous genotype (here, Cs10 in the top row) to the % F2 female
offspring from heterozygous F1 mothers (remaining rows). “n” indicates the number of vials per

experiment.

Table 2.7: A heterozygous genetic background in 1277 X*X/Y females has meager
effects on F2 sex distortion. See Table 2.6 legend for a description of columns I-IV.
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Table 2.8: A heterozygous genetic background in 12555 X*X/Y females can partially
rescue the F2 sex distortion seen in a homozygous background. See Table 2.6 legend for a

description of columns I-IV.

Table 2.9: Bristle length is reduced in 12555 X*X* heterozygous females. Y-bearing
females from strain 12555 have longer bristles than any of the X*X* females. P-values compare
the bristle measurements of 12555 homozygous X*X* to X*X* from heterozygous X" X*

mothers.

SI Table 2.1: A list of all primers used in this study.

Chapter 3

Table 3.1: Variegating white strains used in this study.

Table 3.2: P-values and concentrations used in screen of 18 compounds. Asterisks
indicate compounds significant using a one-sided Wilcoxon rank-sum test at oo = 0.05 (P < 0.003

with Bonferroni correction for multiple comparisons).

Table 3.3: Compounds and concentrations tested in dose-response curves. Statistical

significance determined by linear regression.

Table 3.4: Distribution of heterochromatic and euchromatic genes. The number of
heterochromatic and euchromatic genes in the background set of all expressed genes and in the
set of genes differentially expressed after CdCl» exposure. There is a significant difference in the
number of euchromatic vs. heterochromatic genes in the two sets (chi-square test P =2.81 x 10"

6). DE genes were subdivided into up-regulated and down-regulated genes; there is a significant
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difference in the number of euchromatic and heterochromatic genes between the two sets (chi-
square test P = 0.02). The number of genes containing states designated both euchromatic and

heterochromatic are listed in grey and are not included in the analysis.

Table 3.5: HDAC inhibitors and their targets. Target information is from D.

melanogaster S2 cells®®. Information on inhibitor function against HDAC11 was not available.

SI Table 3.1: List of the number of eyes in each category (1-5) in the initial screen of

18 compounds. (Excel file)

SI Table 3.2: All genes differentially expressed after CdCl: exposure. (Excel file)

SI Table 3.3: All genes up-regulated after CdCI2- exposure and their log2(fold

change). The genes and values for Ycs are given first, and Ycongo shown below. (Excel file)

SI Table 3.4: Enriched gene ontology terms. Genes differentially expressed after CdCl

exposure are enriched for GO terms at a Bonferroni-corrected P-value < 0.01. (Excel file)

SI Table 3.5: List of the number of eyes in each category (1-5) in the screen of CdCl:

and HDAC inhibitor exposures. (Excel file)

Chapter 4

Table 4.1 Sex chromosome dosage and phenotypes in humans and D. melanogaster.
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Introduction

Signs that the once-niche field of epigenetics is nearly mainstream can be found
everywhere. Pulitzer Prize-winning author Siddhartha Mukherjee wrote a New Yorker feature on
the topic last year. Universities have centers and institutes dedicated to the topic, and a
University of Texas hospital even has an entire Department of Epigenetics and Molecular
Carcinogenesis, right alongside the Department of Emergency Medicine. And, of course, there
are the snake oil sellers — physicians with Twitter accounts advertising “epigenetic diets” to
prevent cancer, and yoga studios that promise to rewire your DNA and alter vital functions
through “epigenetic yoga.”

Epigenetics captures the collective imagination: we’re born with our DNA, and usually
have at least a superficial understanding that unless it’s mutated by the sun, some chemical, or
cellular errors, it’s permanent and unchanging. We colloquially say, “It’s in our genes.”
Epigenetics, however, leaves the DNA alone but alters what the DNA does. It offers humans an
illusion of control and power over their genomes and malaises (which, while possibly true, is
certainly unproven, despite what a Twitter physician promises).

The gene is the basic unit of heredity, and is made up of specific DNA sequences that are
transcribed and often translated to produce proteins. But these sequences aren’t all expressed or
silenced simultaneously. Whether a cell expresses a particular gene depends on spatial, temporal,
and external cues. After all, the DNA in every cell of our body is identical, but there are clearly
differences between the cells in our bone and in our kidney. This underpins the concepts of both
gene regulation and cellular memory, which is to say, in some uses, “epigenetics” is nothing
more than a fancy word for gene regulation’. (It is worth mentioning that defining the word

epigenetics is not simple and there are multiple definitions in use'; here, I use the word to



describe DNA-binding proteins or chemical modifications to DNA that contribute to gene
regulation, regardless of their role in cell fate or cellular memory.)

Epigenetics broadly operates through three primary systems: DNA methylation, which is
the addition of a chemical group (a methyl group, to be specific) to certain cytosine nucleotides;
histone modifications, which is the addition of single or multiple chemical modifications to
histones, the proteins that DNA wraps around for structure and support; and small RNAs. All
three act to regulate gene expression. DNA methylation and histone modifications predominantly
affect the production of RNA transcripts from genes, but small RNAs can target all steps of gene
expression. They can alter transcription, degrade transcripts before they are used for protein
synthesis, and block translation. Classes of small silencing RNAs include micro RNAs
(miRNAs), small interfering RNAs (siRNAs), and Piwi-interacting RNAs (piRNAs)?.

While organisms have multiple and diverse ways of regulating genes — and not all species
have all three of these mechanisms — gene regulation is essential for life as we know it.
Epigenetic modifications are necessary for development, they ensure proper cellular function,
and they can prevent “selfish” DNA sequences from being expressed and damaging the genome.
They also respond to environmental perturbations: exposures as varied as high-sugar diets, air
pollution, pesticides, and plasticizers like BPA and phthalates have been associated with altered
epigenetic marks in humans and many model organisms* '°. Furthermore, there are many
examples in humans of strong associations between an altered epigenetic mark and an adverse
phenotype such as obesity, neurological defects, or infertility®!!"!1>, However, many of these
associations are only correlative, and basic scientists are engaged in a sometimes-contentious
debate over whether a given epigenetic modification is the cause of the outcome, is

consequential to the outcome, or is merely associated with the outcome.



Drosophila melanogaster has been used as a model organism for more than 100 years
and many gene regulation discoveries have been made using the fly. These include multiple
Nobel prizes, including the most recent 2017 Nobel Prize in Physiology or Medicine for the
discovery of the molecular mechanisms underlying circadian rhythms, as well as the 1995 prize
for deciphering factors underpinning embryonic development and body plan formation. Even the
chromosomal basis of inheritance and the mutagenic potential of radiation were discoveries
made in the fruit fly (and which were also awarded Nobel prizes). Furthermore, the field of
epigenetics can trace its origin to studies in the 1930s of position-effect variegation in D.
melanogaster, in which expression of a gene for eye color is stochastically switched on or off
while the DNA sequence remained unchanged (and we will return to this later, both in the
introduction and in Chapter 3)!415,

Position-effect variegation, gene regulation, and chromosomes themselves also depend
on chromosome “‘structure,” more specifically termed chromatin. Chromatin is the combination
of DNA, proteins, and RNA that give DNA its stability and utility in vivo. Chromatin is roughly
divided into two forms whose distinction is cytological in nature but often used as physiological
or genetic attributes. Euchromatin is lightly stained and correlates with open, actively transcribed
DNA, while dark-staining heterochromatin is compacted and often transcriptionally silent'®. At
some heterochromatic loci, the DNA is packaged into constitutive heterochromatin, which are
regions such as the centromeres and telomeres that are always condensed and are often made up
of repetitive sequences. Other heterochromatic loci are facultative heterochromatin, which may
be silenced or expressed depending on cell type or developmental stage'®. The cellular memory

and the regulation of these on-and-off states falls under the broad topic of epigenetics.



This dissertation primarily uses D. melanogaster to explore the regulatory roles of
heterochromatin in organismal phenotypes. In chapters 1 and 2, I focus on the ribosomal DNA
locus, a repetitive array on the X and Y chromosomes also referred to as the bobbed locus. The
array consists of anywhere from 30-500 units'’, each of which is an operon called the 455 gene.
The 458 transcript is essential for viability, as the three mature rRNAs processed from it form
the backbone of the ribosome. The rDNA loci are unusual, however, because the number of
operons often far exceeds the number required for viability and thus, many of the rDNA
sequences are silenced!’. Furthermore, males generally express only the Y chromosome array
and silence the X chromosome sequences'® 2.

These regulatory mechanisms may contribute to the phenotypes I observe in some strains
whose females carry two X chromosomes attached at a single centromere. I observed that X-
linked rDNA sequences are lost or damaged, resulting in a collection of phenotypes known as
bobbed. These include delayed development, cuticle abnormalities, reduced fertility, and in
extreme cases, lethality, and they are directly associated with the rRNA content of a cell'”-?!. The
phenotypes I observe may result from defects in the normal silencing of rDNA genes.

The rDNA loci on both the X and Y chromosomes are located in the centromeric
heterochromatin, and X-chromosome inversions that move the rDNA to locations in cis can alter
expression of genes within and adjacent to the inversion!”**%*, This position-dependent gene
silencing is called position-effect variegation (PEV), and it occurs when the expression of a gene
is altered due to the expansion or contraction of heterochromatin into the locus, thus causing
aberrant gene silencing or expression.

Chapter 3 looks how expression of the white gene at the boundary of heterochromatic

rDNA in another model of PEV is altered by exposure to environmental chemicals. The
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inversion moves the X-chromosome gene white, essential for producing wild-type
red eye pigment, to a location near the heterochromatic rDNA. Stochastic expansion of the
rDNA heterochromatin can silence white, leading to fly eyes with variable amounts of pigment-
producing cells. Mutations in heterochromatin-associated proteins can alter this phenotype, and
in Chapter 3, I demonstrate that environmental chemicals can also alter white expression. |
specifically focus on the potential for cadmium chloride to modify white expression, and I also
identify a role for the histone deacetylase enzyme HDAC4 in mediating cadmium-induced gene
silencing.

Finally, chapter 4 is a review article focusing on genomic heterochromatin in humans,
where I highlight the under-studied and under-appreciated role of non-specific heterochromatin
and DNA sequences as factors underlying sexually dimorphic phenotypes and diseases. A
stereotypical role of the sex chromosomes is to initiate development as a male or female. The Y-
linked gene Sry, for example, is responsible for testes development in therian mammals,
initiating the molecular cascade leading to male development®* (of course, there are exceptions to
every rule, and there is a rodent species with no Sry homolog®). But apart from conventional
differences between males and females, sex chromosome complement — which includes both the
number and type of sex chromosomes, as well as the genes within — is also associated with
differential susceptibility to autoimmune disease, Y-chromosome-specific differences in cardiac
development, and intergenerational inheritance of stress-induced epigenetic modifications. Thus,
I argue that apart from the products produced from sex-chromosome genes, male and female
dimorphisms may also be traced to the bulk heterochromatin of the X and Y chromosomes and

their frans interaction with autosomes.
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Abstract

The Drosophila melanogaster X and Y chromosomes are both about the same size at ~40
Mb, yet the X chromosome has more than 2,000 genes while the Y chromosome has only ~15.
Despite this paucity of genes, the Y chromosome (chrY) affects gene regulation in trans'~. Here,
we investigate the regulatory role of the Y chromosome by introgressing a free chrY into males
and females carrying attached sex chromosomes (X”*Y/0 and X*X/0) in an isogenic background.
We find that X*X/Y females show decreased development time, increased weight, increased
fertility, and altered transposable element expression compared to X*X/0 females. Yet, when the
free chrY from X*X/Y females is removed, the loss-of-Y (LOY) female offspring display
reduced viability and fertility. These LOY females also exhibit other characteristics typical of the
rRNA-deficiency bobbed syndrome. We find dysregulated expression of rDNA-associated
sequences in LOY females, as well as reduced rDNA copy number with a high R/
retrotransposon insertion load. Together, our data indicate that the presence of a Y chromosome
in females can have pronounced physiological effects and alter the structure and expression of

the X-chromosome rDNA locus in trans.

10



Introduction

The Y chromosome has evolved independently in a wide range or organisms, from
humans to guppies to the flowering plant Silene latifolia®>. It is transmitted exclusively through
the male germline and, in many organisms, carries male sex-determining genes. The
chromosome is also notable for its high mutation rate, density of repetitive DNA, and scarcity of
genes®’. It is often described as degenerate, and has been hypothesized to be on the road to
extinction® . In spite of its highly heterochromatic structure, an enrichment for testes-expressed
genes, and a miniscule gene content, the Y chromosome (chrY) has an unexpected role in disease
susceptibility and global gene expression in many organisms. Y-chromosome polymorphisms are
associated with coronary artery disease risk and HIV progression in humans, and with influenza
A virus susceptibility, cardiac regulation, natural killer T cell development, and cholesterol
levels in mice!! 16,

In D. melanogaster males, the chromosome is an unseemly 40-Mb heterochromatic block
comprising 20% of the male haploid genome, with little more than a dozen or so mega-intronic
fertility genes'®!7. Also present on the chromosome is one of the species’ two ribosomal DNA
(rDNA) arrays, the other of which is located on the X chromosome. Despite its low gene content,
D. melanogaster polymorphic Y chromosomes are responsible for global gene expression
changes and can modify physiological responses to environmental exposures, such as BPA and a
high-sugar diet!>!%1°,

Moreover, Y-chromosome effects are not limited to males. A feature of D. melanogaster
sex determination is that the Y chromosome does not determine sex; rather, it is the X:autosome
ratio that determines whether a fly develops as male or female. Thus, the XXY genotype in D.

melanogaster is female, and Y-chromosome genes are generally not transcribed!. In XXY
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females carrying polymorphic Y chromosomes, the Y chromosome affects the expression of
more than 1,000 genes'.

These Y-chromosome effects have been observed either between males or between
females carrying polymorphic Y chromosomes; the physiological effects of the addition or
removal of an entire Y chromosome remain unclear. To answer this question, we utilized
compound sex chromosomes, where either the X and Y chromosomes are attached (X*Y) or two
X chromosomes are attached (X”*X). These chromosomes provide all the genetic material needed
for males and females, respectively, and allow for manipulation of the Y chromosome such that
it can be stably transmitted through both the male and female germline. We created isogenic
strains that vary only in the Y-chromosome content: X*Y/0 vs X*Y/Y and X*X/0 vs X*X/Y. We
furthermore used two Y chromosomes to create two sets of aneuploid strains, allowing us to also
probe the role of Y-chromosome polymorphisms in gain-of-Y (GOY) phenotypes.

Recent work from our lab uncovered transcriptional responses to the addition of a Y
chromosome in males and females®’. The results indicated that X*Y/Y males exhibit almost no
changes compared to X"Y/0 males, but X*X/Y females exhibited differential mRNA expression
in the ovaries, larval neuronal tissue, and mitochondria compared to X*X/0 females. Here we
elaborate on those observations to document phenotypic changes in Y-chromosome aneuploids,
as well as differential expression of small RNAs. We again observe meager effects in males
carrying an extra chrY, while females displayed pronounced changes in fitness, fertility, and
small RNA expression. We also observed that female offspring that had lost chrY relative to its
mother (obtained by mating X*X/Y females to X*Y/0 males) show adverse physiological
changes compared to both X*X/Y and X”X/0 females. The phenotypes we see in these female

offspring include decreased fertility and increased development time. These are also phenotypes

12



associated with bobbed mutants, which have insufficient IDNA copy numbers>!*2. We trace our
loss-of-Y phenotype to a loss of rDNA operons on X*X chromosomes that are maintained in the
presence of a free chrY. We also detected unusual behavior of R/ and R2, two retrotransposons
that insert specifically into the 28S gene of the rDNA array. There were only slight differences in
R1 and R2 copy numbers between the X*X and X*X/Y strains, but females lacking chrY showed
much higher R/ and R2 expression.

Together, these findings suggest that a Y chromosome maintained in females can actively
alter gene expression and gene content in trans, specifically at the rDNA locus. We observed that
the introduction of a Y chromosome to females increases fitness, but extended maintenance with
chrY caused a reduction in XX rDNA copy number and a relative increase in retrotransposon-
inserted 28S genes. The physiological effects of reduced X*X rDNA copy number only manifest
when female offspring no longer carry the Y chromosome. We thus challenge the assumption
that the presence of a Y chromosome in females exerts exclusively regulatory changes and

demonstrate that in the genotypes studied here, genetic changes can also occur.

Results

A Y chromosome increases growth and fertility in females.

Polymorphic Y-linked heterochromatin disrupts global gene regulation in both males and
females in simple outcrossing schemes, but the magnitude of variation is modest'*?*. These
slight gene expression changes make it challenging to accurately identify and measure molecular
and organismal phenotypes induced upon introduction of an alternate Y chromosome, or addition

of a’Y chromosome.
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To better identify and resolve Y-linked phenotypes, we developed D. melanogaster
strains where we could easily vary the presence and source of a Y chromosome in an otherwise
isogenic background®’. We used compound sex chromosomes to detect effects of an extra Y
chromosome on molecular and organismal phenotypes, comparing X*Y/0 vs X*Y/Y male
genotypes and X*X/0 vs X" X/Y female genotypes. To identify consequences of polymorphic Y
chromosomes, we varied the geographic origin of the Y chromosome. We compared, in males
and females, Y chromosomes from either the Canton-S lab population (designated the Yes
chromosome) or from a wild population that originated in the Democratic Republic of the Congo
(designated Y congo).

The X*Y/Y and X*X/Y strains were designed to be genetically identical to the progenitor
strain of the same sex, except in number of Y chromosomes and the origin of the free chrY. In
brief, this was accomplished by first using two isogenic strains with males carrying either the Ys
chromosome or Ycongo chromosome?. The males were crossed to X*X/0 females such that female
offspring now carry the Y chromosome of interest. A series of backcrosses to X*X/0 females and
X"Y/0 males gives rise to a stable stock of X*X/Y; and X"Y/Y;, were Y; is either Ycongo O Yes
(SI Figure 1.1). A list of strain names and genotypes used in this study is shown in Table 1.1.
Together, the nullo and Y-bearing strains allow us to introduce and remove a free Y chromosome
from males and females without altering the autosomal and X-chromosome background,
providing a clean way to study Y chromosome effects without confounding from genetic

background.
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Table 1.1: A list of all genotypes and stocks used in this study. “Year added” is the year the strain was added to
the BDSC collection, except for Ycongo- and Y s-bearing strains, for which the year created is listed.

Female Genotvpe Shorthand Associated Year added/
descriptor P genotype phenotype created
. XAX/0 and n/a
~ . 1,12 2
Y-lacking C(1;Y)3, In(1)FM7, w! m?/0/C(1)M4, y XAY /0 (progenitor) 1987
A
Y-bearing  C(L;Y)3, In(1)FM7, W! MY/ Yeongo/C(1JM4, y2 X Yeongoand oy 2012
XAY/YcongO
A}
Y-bearing  C(LY)3, In(1)FM7, w' m?/Yes/C(1)M4, y2 i/\ix and GOY 2012
cs
Y-lacking C(1;Y)3, In(1)FM7, w! m?/0/C(1)M4, y? XAX* LOY -

In males, the Drosophila Y chromosome has documented effects on sexual behavior,

fertility, and fitness®*2¢

, so we examined physiological differences among chrY aneuploids. We
first noted pronounced differences in the female strains. We noted that X*X/Ycs and X*X/Y congo
females had decreased development time compared to the Y-lacking X*X/0 females (Figure
1.1A); were heavier than X*X/0 females, as measured in both fresh and desiccated flies (Figure
1.1B); and had increased bristle length (X*X/0 301 £ 51 pum vs. X*X/Y¢s 427 £25 pm, P <
0.001; and vs X*X/Ycongo 415 + 39 um P <0.001). Y-bearing females were also more fertile than
X"X/0 females (Figure 1.1C). We verified that this increase was due to increased maternal
fertility and not to differential zygotic development by assessing oviposition and embryonic
development in mated X" X/Y¢s and X" X/0 females. We found that X*X/Y s females laid
significantly more eggs than X" X/0 (183 + 19 vs 119 + 26, P <0.01), but there was no significant

difference in the number of eggs that hatched (~58% for each genotype) (Figure 1.1D),

indicating the increased fertility is a result of increased egg laying.

15



>
oy}

100

80

3
= i
£ Ed
& =
© =
g o0 B
2 XA X O o mXAX/0
< ] [
o o XAXfYes 20 [ - B XM fYes
w0 2 aos
2 ® XAX/Ycongo = 1 XX fYeongo
5 & :
3 [
§ ) W é 7
0
Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Fresh weight Dry weight
B s
T 1
160 ’% 200 100
K
1 l
\g 150 =
i [ 3 z
< =
5 p2;
% % E 60 1 I
o
5 8 % 100 &
P-4 = o
§ £ b= 40
c E g
gu a0 Z s &
] 20
<
0 0 0
XAX/0 x XAY/O XM /Ycongo x XY /Ycongo XAX/Yes x XY fYes XAX/0 XX/ Yes XAX/0 XX [Yes

Figure 1.1: Y-bearing females have increased fitness and fertility. (A) X"*X/Y; females have shortened
development time. The average cumulative number of females eclosing per vial is plotted up to day 7. The parental
cross was either X*X/0 x X*Y/0; X*X/Ycs X X Y/Ycs; of X*X/Y congo X XY/Y congo. Both X"X/Y ¢s and X X/Y congo
females eclose earlier and in greater numbers than X*X/0 females. n=5 vials per genotype. (B) Y-bearing females
are heavier than X~ X/0 females. Groups of ~50 flies were weighed in 5 biological replicates per genotype. (C)
Females carrying either Y¢s or Ycongo chromosomes produce more offspring than X*X/0 females. Ten females were
mated to 5 males and offspring counted for 7 days. Each genotype comprised 4-5 biological replicates (D)
Oviposition and offspring development in X*X/0 and X" X/Y s females. Groups of 10 mated females were allowed
to lay eggs for 14 hours. Data are from 3-4 biological replicates per genotype.

We saw few effects of Y-chromosome aneuploidy in males. Genotypes X"Y/Y s and
XYY congo sShowed a small but significant decrease in weight upon addition of a free chrY
(Figure 1.2A). We also investigated male fertility, crossing X*Y/0 and X"Y/Y; males to wild-
type XX females. (Figure 1.2B). We found only one significant effect of an additional Y
chromosome, as we saw XY/ Ycongo males were significantly less fertile than X*Y/0 males (124
+ 18 vs. 150 £ 18 offspring per vial, P < 0.01). Together, these results indicate that female fitness
is dramatically increased with the addition of a Y chromosome, while males bearing an

additional Y chromosome show meager effects, all of which decrease fitness.
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Figure 1.2: Males carrying an extra chrY exhibit a slight loss in fitness. (A) XY males carrying either Y or
Y congo are smaller than their X*Y/0 counterpart. Groups of 14-50 males (median = 50 males) were weighed in 4-5
biological replicates per genotype. (B) Males carrying an additional chrY show a slight reduction in fertility. X*Y/0
males produce significantly more offspring than X"Y/Y congo males (P = 0.006), while the difference in offspring
produced is non-significant when compared to X*Y/Y ¢ (P = 0.06). Each genotype comprised 10 vials of 7 males
and 8 females.
TE-derived small RNAs are differentially expressed in X"X/Y ovaries

Small non-coding RNAs perform a variety of regulatory functions and have recently been
implicated in inter- and transgenerational phenotypes?’ 2. The Drosophila Y chromosome is rich
in transposable elements (TE) and pseudogenes®***, raising the hypothesis that the chromosome
might be a source of small regulatory RNAs. To test this hypothesis, we compared expression of
TE sequences in the ovary and testis of Y-chromosome aneuploids relative to the X*X/0 and
X*Y/0 controls. We specifically investigated the differential transcription of plus- and minus-
strand sequences: the plus strand encodes for an active transposable element, while minus-strand
sequences emerge from transcription of piRNA loci, which can target active TE mRNAs for
cleavage®. We mapped strand-specific reads to TE sequences obtained from Repbase™®.

We hypothesized that since X*X/Y females show pronounced differences in

physiological phenotypes upon addition of chrY, we would see altered small RNA expression, as

well. Indeed, we saw that non-coding small RNA species originating from TEs were
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significantly enriched in X*X/Y females on both sense and antisense strands, suggesting that

both TEs and piRNAs are more highly expressed in GOY females (Figure 1.3A).
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Figure 1.3: Small RNAs are differentially expressed in X*X/Y ovaries. (A) Box and whisker charts comparing
the normalized read counts (NRCs) in X*X/0 and X*X/Y of sense (left) and antisense (right) transposable element
transcripts. Both comparisons were significant (sense: P = 0.002; antisense: P = 0.003). The inclusive median is
demarcated with a horizontal line and the mean with an X. Outliers are not shown. (B) The fold-change in Su(Ste)
sense and antisense expression in X*X/Y compared to X*X/0. The average of X*X/0 was set to 1. Statistical
significance was determined by comparing the NRC of X*X/0 to X*X/Y for sense (P = 0.036) and antisense (P =
0.030). (C) The average antisense:sense ratio of Su(Ste) transcripts in X*X/Y is compared to the average ratio in
X~X/0 (P =0.006).

We also investigated expression of the Y-specific transcript Suppressor of Stellate
(Su(Ste)), which acts to silence the X-linked Stellate transcript via the piIRNA pathway to ensure
male fertility®’. While Su(Ste) is Y-specific, the transcript has regions of homology to the Stellate
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transcript, in addition to containing transposon sequences>®. As a result, there are some Su(Ste)
reads that map at low levels to X*X/0 females. We first investigated Su(Ste) expression by
calculating the fold-change increase in X*X/Y compared to X" X/0 for sense and for antisense
transcripts (Figure 1.3B). We found significant expression differences in both transcript
orientations, with ~3.5 times as many sense transcripts produced in X*X/Y compared to X" X/0,
and ~17 times more antisense transcripts produced in X*X/Y. We also compared the ratio of
antisense to sense transcripts between the two genotypes to further investigate within-genotype
piRNA expression (Figure 1.3C). We saw that, on average, X"X/0 produce 2.9 times more
antisense than sense transcripts, but that ratio increases dramatically in X*X/Y, which produces
12.8 times more antisense than sense transcripts. This indicates significant Y-linked expression
in X*X/Y females, further highlighting a physiological response to Y-chromosome aneuploidy.

Males, on the other hand, show few consequences of chrY aneuploidy. There are no
significant differences in the expression of either sense or antisense TE sequences in the testes of
XAY/Y compared to X*Y/0 (Figure 1.4A) Moreover, analysis of Su(Ste), which produces
abundant piRNAs in the testes®’, shows no significant differences when comparing the fold
change of X*Y/Y to X*Y/0 sense and antisense expression (Figure 1.4B), or of the

antisense:sense ratio between the genotypes (Figure 1.4C).
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Figure 1.4: Small RNA expression is not disrupted in X~ Y/Y testes. (A) Box and whisker charts comparing the
normalized read counts (NRCs) in X*Y/0 and X*Y/Y of sense (left) and antisense (right) transposable element
transcripts. No comparisons were significant. The inclusive median is demarcated with a horizontal line and the
mean with an X. Outliers are not shown. (B) The fold-change in Su(Ste) sense and antisense expression in X" X/Y
compared to X*X/0. The average of X*X/0 was set to 1. Statistical significance was determined by comparing the
NRC of X*X/0 to X*X/Y for sense and antisense; no comparisons were significant. (C) The average antisense:sense
ratio of Su(Ste) transcripts in X*X/0 is compared to the average ratio in X*X/Y (P = 0.135).

Collectively, these results indicate that the presence of a Y chromosome in females
induces heightened biogenesis of TE sequences. However, we again see that male responses to
aneuploidy are meager and show non-significant differences between X*Y/0 and X"Y/Y
genotypes. These data add another layer of complexity to Y-chromosome control of epigenetic
states and additionally suggest that transcriptional control of TE sequences and piRNA clusters is

variable between males and females.
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Y-chromosome loss causes reduced fertility and fitness in females

The underlying mechanism of the gain-of-Y (GOY) phenotype is likely dependent on the
presence of the free chrY. It is possible, however, that the chromosome is able to initiate a
phenotypic change that persists even after its removal. Examples of similar phenomena include
RNAi-induced transgenerational inheritance of starvation-induced phenotypes in Caenorhabditis
elegans, and paramutations, in which the expression of a gene can be permanently altered in the
absence of DNA sequence changes?®>°#!. Mechanisms of paramutation include small RNAs that
maintain altered gene expression and 3D chromatin interactions****. Given our observations that
small RNA pools are perturbed in X*X/Y compared to X*X/0 flies, and considering the unusual
chromosome pairing configuration that would occur between the X*X and Y chromosomes, we
investigated the stability of the GOY phenotype in the absence of the Y chromosome.

We removed the Y chromosome from the stock population of X*X/Y s females by
crossing them to X*Y/0 males. We anticipated that we would see a return to the X*X/0
phenotype, but considered it possible the X*X/Y phenotype would persist. To indicate the
absence of a Y chromosome in a previously exposed attached-X chromosome, we denote the
attached-X chromosome in newly Y-lacking female offspring as X" X*.

Surprisingly, removal of chrY revealed phenotypes that matched neither the X*X/0 nor
X X/Y es genotype. Females newly lacking a Y chromosome showed delayed development
compared to their male siblings and compared to X*X/0 females (Figure 1.5A); loss of fertility
(Figure 1.5B); and decreased fresh and dry weight (Figure 1.5C). Additionally, these females had
decreased bristle length (X*X/0: 291 um £ 50 um vs X*X*: 188 um + 40 pm, P <0.001) and

cuticle defects (Figure 1.5D).
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Figure 1.5: (A) X*X* females have prolonged development and emerge in fewer numbers than X*X/0 females. The
average cumulative number of offspring per vial is plotted up to day 7 of eclosion. Left: Male and female offspring
of the control cross X"X/0 x X*Y/0. Right: Male and female offspring of the loss-of-Y cross X"X/Y s x X*Y/0. (B)
X" X* females weigh less than X*X/0 females. Groups of ~50 flies were weighed in five biological replicates per
genotype. (C) X*X* females display reduced posterior scutellar bristle length and thickness (arrowhead), and
abdominal etching and abnormal pigmentation (arrow). (D) X*X* females have reduced fertility compared to both
the X*X/Y ¢s mother and the progenitor X*X/0 strain. However, when X*X* females are crossed to X"Y/Y s males,
the fertility of X*"X*/Y, female offspring is rescued. In addition to indicated significant comparisons, all other

22



Figure 1.5 (continued) comparisons are significant at P < 0.001 except X" X*/Y¢s vs X*X/Y¢s (P <0.01). (E)
Oviposition and offspring development in X*X/0 and X"X* females; X*X/0 data is also shown in Figure 1D. (F)
X~X* females have reduced fertility for at least eight generations, while the fertility of X*X/0 is unchanged. The
difference in number of offspring between X~ X/0 and X"X* females is statistically significant for all generations (P
< 0.001, except for F6: P < 0.01). The number of vials per genotype per cross ranged from 4 to 16 (X*X/0 median: 6
vials; X*X* median: 9.5 vials). (G) X*X* females had reduced biomass compared to X*X/0 females for three
generations. In addition to significant comparisons shown above, there are significant differences between X" X* F1
vs. X*X* F2 (P <0.01) and X*X* F1 vs. X*X* F3 (P <0.001). (H) X*X* reduced biomass can be rescued by re-
introduction of chrY. In addition to significant comparisons shown above, there are significant differences between
XX g5 vs. XAX* (P <0.001); XMX/Yes vs. XMX*/ Y5 (P <0.001); and X X* vs. X "X*/Y¢s (P <0.001). (I) XAY*
males do not show decreased fertility compared to X*Y/0 males.

To determine if the reduced number of offspring is a result of oogenesis abnormalities in
the X~ X* mother or of defective offspring development, we evaluated oviposition and zygotic
development in X*X* and X*X/0 females (Figure 1.5H). We found that X*X* females laid
significantly fewer eggs than X*X/0 females, but the fraction of hatched eggs in both genotypes
was similar, indicating reduced fertility in X*X* is not a result of zygotic developmental defects.

These phenotypes were also transmitted transgenerationally. We monitored distinct traits
for several generations and observed that the loss of fertility is present for at least eight
generations (Figure 1.5E). We also noted cuticle defects in each generation, and measured
biomass for three generations and found it reduced in all samples (Figure 1.5F).

This loss-of-Y phenotype is malleable: when X" X* females were reintroduced to chrY
by crossing to X*Y/Y s males, female X*X*/Y s offspring were similar in fertility and weight to
X"X/Y s females that had never lost the chrY (Figure 1.5B and 1.5G). We collectively refer to
the X" X*-associated phenotypes (e.g. loss of fertility, reduced bristle length, and delayed
development) as the LOY phenotype.

We replicated the loss-of-Y cross in males, but observed no difference in fertility in

X Y* males compared to X*Y/Y¢s males (Figure 1.51). This suggests that either the phenotype
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only appears in females, or that the DNA content of the attached sex chromosome is important
for the LOY phenotype.

Together, these results suggest that maintenance of a XX chromosome with a free Y
chromosome can alter expression of ribosome-associated genes, most likely the 455 rDNA locus
on the X*X chromosome. As the LOY phenotype mimics neither that of the X*X/0 progenitor
strain nor of the X*X/Y genotype, the generation and maintenance of the LOY phenotype is

unlikely to be due to paramutation or heritable RNAI.

rRNA expression shows few differences between genotypes

The X*X*-associated phenotypes evident after removal of chrY are also phenotypes
associated with bobbed, a syndrome that results from insufficient rDNA; the rDNA locus in D.
melanogaster consists of hundreds of copies of the rDNA operon, with only a small fraction
transcribed***. Further support for a role of the rDNA locus in the LOY phenotype is our earlier
observation that GOY females have increased fertility and bristle length compared to X" X/0
females, as the additional rDNA array on the free chrY could augment rRNA synthesis compared
to X*X/0.

To evaluate the hypothesis that the X-linked rDNA locus is affected by rDNA on chrY,
we measured expression of the three rRNA genes that make up the 455 array and their junctions
with transcribed spacers (Figure 1.6A). We measured expression via qPCR in dissected paired
carcass and ovary samples from GOY X”"X/Y s females; progenitor X*X/0 females; and LOY

X X* females.
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Figure 1.6 (counter-clockwise): 455 rRNA expression is mostly concordant in the carcass and ovary of
XAX/Y s, XAX/0, and XAX* flies. (A) As in other eukaryotes, the ribosomal DNA in Drosophila is an array of
~300 repeated operons. The structure of one operon is depicted in detail. Each operon comprises a non-transcribed
intergenic spacer (IGS) and the transcribed 455 sequence, which consists of external and internal transcribed spacers
(ETS and ITS, respectively) and the three RNAs that form part of the ribosome (78S, 5.8S, and 28S). R2 and R/ are
retrotransposons that are inserted into some 28S sequences. Cartoon is not to scale. (B) Expression of 455 sequences
was evaluated with qPCR in X*X/Y ¢, X*X/0, and X"X* female carcasses. Each genotype comprised three
biological replicates of 5 flies. Expression from X"X/Y s was set as reference. (C) 455 expression in the ovary. (D)
Expression of the /8S-ITS1 target is 27 times higher in X*X/Y ¢ females compared to X*X/0 females, while
expression from X~ X/0 and X"*X* are at similar levels. Note here that the reference genotype is X*X/0 rather than
X"X/Y s as in Figure 1.6B-C so that the expression differences can more easily be discerned.
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We did not expect to see a difference in abundance of the ribosomal subunit-associated
sequences: past research has shown that the total amount of rRNA synthesized is invariant in
bobbed mutants, as development is slowed in essential tissues to allow for sufficient
accumulation of rRNA and proteins (although less essential tissues, such as those that produce
bristles, can proceed with suboptimal ribosome numbers)?!?2. Additionally, the vast number of
mature rRNAs in a cell means that an observable increase or decrease requires large changes in
the absolute number of rRNA molecules.

As predicted, we did not find significant changes in expression of 78S, 5.8S, or 28S in
carcasses of X*X/0 and X" X* females compared to X" X/Y s (Figure 1.6B). We also did not see
significant differences between the three genotypes in the transcription-associated ETS, ETS-18S,
ITS2, and ITS2-28S targets in carcass. Expression of these targets in the ovary was mostly
concordant, with almost all targets showing the same expression patterns. However, there were
significantly fewer 5.8S amplicons, and a non-significant decrease of the /85 and 28S targets, in
X AX* compared to X" X/Y s (Figure 1.6C). As the rate of rRNA synthesis and the number of
ribosomes produced increases throughout oogenesis, defects in rRNA synthesis could be more
pronounced in the ovaries compared to the relatively stable rRNA and ribosome content of the
carcass*®.

We also noted an unexpected difference in expression of the /8S-I7S! target (Figure
1.6D). Expression of this target was significantly higher in X*X/Y s females compared to both
X"X/0 and X*X*. This may indicate a polymorphism present at a higher copy number on the Y
chromosome compared to the XX chromosome, suggesting that the Y-chromosome array may
be preferentially expressed in X*X/Y s females. Y-specific rDNA transcription has already

observed in males in Y-nucleolar dominance®*#748,
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R1 and R2 are highly differentially expressed between X"X*, X"X/0, and X"X/Y s

The 28S gene in many arthropods is the insertion site for two retrotransposons, R/ and
R2. These transposable elements insert into the 28S gene and render the 28S rRNA
nonfunctional***°. Transcription of R and R2 occurs via co-transcription of an insertion-bearing
458 gene; if RNA polymerase I transcribes the full-length R2 element, the R2 transcript contains
a ribozyme that self-cleaves the 28S transcript at the 5° end*>!. Less is known about the
production of mature R1 transcripts.

Although we did not see differences in 285 expression between X" X*, X*X/0, and
X"X/Y s, we hypothesized the bobbed phenotype may be associated with differential regulation
and expression of these transposable elements. As with the 45S sequences, we designed primers
to amplify R1 and R2 sequences present in the mature retrotransposons and sequences associated
with active transcription (Figure 1.7A). Primers targeting the 28S-5" R/ or R2 junction (target 1)
quantify transcription initiation of the retroelement; the amplicons of sequences internal to R/
and R2 (targets 2 and 3) reflect not only mature active retrotransposons, but also quantify
transcripts being actively transcribed; and primers targeting the 3> R/- or R2-28S junction (target
4) reflect the number of full-length unprocessed transcripts. Evidence suggests that upon
transcribing the 5° R/ or R2 sequence, RNA polymerase I stalls within the retroelement so that
full-length R1 or R2 sequences are infrequently produced™. Primers spanning the insertion site
measure mature 285 expression (target 5; named “no R1” and “no R2”) and serve as a negative

control with no expected expression differences.
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the 28S gene, were quantified with qPCR in carcasses. Internal sequences with -A and -B suffixes are in order of
appearance in the transcript. Each genotype comprised 3 biological replicates of 5 flies. Expression from X*X/Y ¢
was set as reference. (C) Transcripts associated with mature R1 and R2, and co-transcription from the 28S gene,
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Figure 1.7 (continued) were quantified with qPCR in ovaries. As in the carcass, each genotype comprised 3
biological replicates of 5 flies and expression from X"X/Y s was set as reference.

In both carcass and ovary samples, X*X* and X*X/0 females had significantly higher
expression of almost all targets compared to X*X/Y s females, except the no R/ and no R2
sequences (Figure 1.7B-C). This was evident looking at the fold-change and 95% confidence
intervals, and evaluating ACt values using a two-sided t-test. Additionally, many targets also
showed higher expression in X*X* than in X" X/0.

Differences between genotypes were more pronounced in the ovary compared to carcass.
For example, R/-B expression displayed a 57-fold increase in the carcass and a 575-fold increase
in the ovary of X"*X* compared to X"X/Y¢s females; for X*X/0 vs X" X/Y s, these values were
22-fold higher in the carcass and 45-fold higher in the ovary.

If these retrotransposons are actively inserting, we hypothesized that we would see
increased double-stranded DNA breaks in the X" X* and X~ X/0 samples. We tested this
hypothesis by measuring expression of H2Av, a histone H2A variant that is phosphorylated upon
double-stranded breaks>? and is involved in chromatin-state changes®>>*, but we did not observe

meaningful expression differences (Figure 1.8).
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Figure 1.8: The DNA-damage-associated histone variant H2Av shows no large differences in expression
between X" X/Y s, X*X/0, and X*X*, despite increased transposon expression in X*X/0 and X" X*.

X"X* females have reduced rDNA copy number

A reasonable explanation for the increased R/ and R2 expression in X*X* females is that
they have accumulated more R/ and R2 insertions than X" X/0 and X*X/Y¢s females. To evaluate
this hypothesis, we used digital droplet PCR to measure copy number (CN) of rRNA genes and
retrotransposon sequences using carcass genomic DNA collected from the same samples used in
expression analysis. We targeted the same regions we used in expression analysis (Figure 1.7A),
though in some cases we used different primer pairs when the primers performed differently on
cDNA versus gDNA; we also only evaluate only one internal R/ or R2 sequence for CN
estimates. Additionally, we selected two 28S targets, one at the 5’ end of the gene and one at the
3’ end.

The interpretation of the amplified R/ and R2 sequences is different for a gDNA template
compared to the cDNA template due to the retrotransposon integration process. The R2 protein
cleaves one strand of the 28S gene and uses that DNA as a primer for reverse transcription.
Reverse transcription proceeds 5°-3” starting with the 3> end of retrotransposon RNA®. The

transcriptase often does not complete transcription of the full template RN A, however, so that
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there are variable 5’ truncations in the element. Thus, the 28S-R17 or -R2 amplicon (target 1) here
measures the number of full-length elements, while the R/- or R2-28S junction (target 4) counts
the number of all insertions, regardless of length; it is expected that the internal sequences are at
copy numbers in between the copy numbers of the two junctions.

We expected that the X*X/Y s females would have ~50% more copies of the rRNA genes
than either X*X/0 or X*X* due to the presence of an additional rDNA array on the Y
chromosome. We also expected that X*X/0 and X" X* females would show similar levels of
rRNA gene copy numbers since they originated from the same progenitor strain. We found that
X"X/Y s females did indeed have ~50% more copies of the /8S and 28S genes compared to
X"X/0 (Figure 1.9A), although there was no difference in 5.85 CN. We were surprised to see,
however, that X*X* females had significantly fewer /8S and 5.8S subunit copies than X"X/0

females; the 28S amplicons had non-significant CN decreases.
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Figure 1.9: X~X* females have reduced copy number of rDNA-associated sequences. (A) Genome copy
number of rRNA sequences in the carcass was quantified with digital droplet PCR and normalized to the copy
number of a single-copy reference gene. Each genotype comprised 3 biological replicates of 5 flies. (B) Genome
copy number of R2- and R/-associated sequences in the carcass. (C-D) The sum of inserted and uninserted 28S
genes is about equal to the copy number of 5° and 3’ 28S sequences. For clarity, only the copy number of the 3’
amplicon is shown here. Each graph shows the copy number of the uninserted “no R2” (C) or “no R1” (D) targets in
light gray + the copy number of the inserted “R2-28S” or “R1-28S” in dark gray for each genotype averaged over all
replicates. These totals are compared to the 3° 28S copy number estimates (in black) from panel A. No within-
genotype comparisons were significant, indicating that these copy-number estimates are reasonable.
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We previously noted that X" X/Y ¢s expressed the /8S-ITS1 sequence ~25 times higher
than either X*X/0 or X*X* (Figure 1.6D), suggesting increased frequency of a polymorphism on
chrY. The copy number estimates support that hypothesis. We see significantly higher /8S-17S1
copy numbers in X*X/Y¢s compared to X*X/0 or X*X*, with ~4-fold high copy number in
XAX/Y cs.

X "X* and X" X/0 females also had fewer copies of all R/- and R2-associated sequences
than X" X/Y s females, although this difference was only significant for the R2-associated targets
(Figure 1.9B). We validated the R/ and R2 copy number estimates by comparing their CN
estimates to the 285 estimates in Figure 1.9A: the CN of the “no R/” amplicon (target 5 of
Figure 1.7A, whose primers span the R/ insertion site to measure uninserted sequences) plus the
CN of the R7-28S amplicon (target 4) should equal the number of 28S copies measured in Figure
1.9A; this math holds true for the R2 sequences as well. We note that these estimates are in good
concordance (Figure 1.9C-D) and support the validity of our other copy number measurements.

We used 285-R2, 285-R1, and 3’ 28S copy number estimates to determine the maximum
number of uninserted 28S genes for each genotype (Table 1.2). The number of R/-inserted units
was taken to be the minimum number of inserted 28S genes (the number of R/-inserted plus the
number of R2-inserted would be the maximum, but some 28S genes may have double insertions).
The number of 28S copies minus the number of R/-inserted copies is the maximum number of
uninserted 285 sequences. We find that X*X* females have ~86% of their 28S genes inserted,
with only about 24 uninserted copies; X*X/0 have ~70% inserted 28S sequences, leaving ~68
uninserted 28 sequences. The X*X/Y s females have ~50% of the 28S genes uninserted, leaving

187 uninserted sequences of which ~163 would be located on the Y chromosome.
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Table 1.2: X*X* females have few uninserted 28S genes. Copy number estimates from the 3’ 28S, 28S-R2, and

28S-R1 targets were used to calculate the number of R2- and R/-inserted units.

285 CN estimate | NO- (%) R2 | No. (%) R1 | Max. No. (%)
inserted inserted uninserted
XAX/Yes 353.2 (155‘_1;4,) (266,59);) (;38.71.;))
XAX/0 225.7 (12)3.'1}%,) (295;5) (3%2.322%)
Y 176.4 (23:’1?;%) (;65_22;,) (12;{33%)

Together, this data suggests that X*X* females display a bobbed phenotype because they
have fewer copies of the 455 operon than either X*X/0 or X*X/Y s females. Furthermore, the
copy numbers of R/ and R2 sequences in X*X/0 and X"*X* are lower than those of X"X/Y s
females (Table 1.2), despite the fact that X*X/0 and X*X* females express up to 500-fold higher
abundance of these sequences. Thus, the differences in R/ and R2 expression is due to

differential regulation between the three genotypes.

chrY-dependent adverse effects on X"X occur gradually

The loss-of-Y experiments were initially begun about two years after establishing the
isogenic strains. What remained unknown was whether the phenotype would have manifest
immediately after strain generation, or whether the X*X chromosome had to remain in the
presence of chrY for some amount of time in order to establish the LOY phenotype. To answer
this question, we designed a crossing scheme (Figure 1.10A) in which we generated the first
generation of Y-exposed XX (G1) by crossing X*X/0 females to X"Y/Y¢s males. We collected
the X*Xg1/Y s offspring to generate X" Xg1* females, whose fertility we compared to X*X/0

females. In tandem, we used some of the X*Xg1/Y ¢s females to cross to X*Y/Y¢s males to
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generate G2. We repeated the collection of X" Xc2/Ycs females to both assess X Xao* fertility

and to continue crossing to generate G3. We continued this initially for five generations.
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Figure 1.10: bobbed emergence requires extended maintenance of chrX”~X with chrY. (A) Cross design to
determine the number of generations necessary to establish the LOY phenotype. The parental PO cross generates



Figure 1.10 (continued) first-generation females carrying a Y chromosome. The F1 females are crossed to X*Y/Y
males (indicated by the two arrows to the F2 female) to generate second-generation females carryinga Y
chromosome. The stock now contains both females and males with a free Y chromosome and the stocks are flipped
each generation. (B) The fertility of X" Xg;+ females remains equivalent to fertility of X*X/0 females. At each
generation, X*X/Y females were crossed to X*Y/0 males to generate X" X* offspring. The fertility of females
carrying the X*X* chromosome that had been in the presence of chrY for 1 generation (X"Xg:1*), 2 generations
(X"Xa2*), et cetera, was compared to the fertility of X*X/0 females. After 23 generations of maintaining the X*X
chromosome with chrY, there was no difference in fertility compared to X*X/0 fertility, indicating the reduced
fertility seen in X*X* offspring from stock X*X/Y s mothers occurs after at least 14 months.

At no point during the five generations tested did we observe a difference in fertility
between X*Xgi-5* and X*X/0 (Figure 1.10B). We then maintained the colonies for an additional
5 and 18 generations, and tested X" Xgi1o* and X" Xag23* fertility. Again, we saw no difference in
the number of offspring produced by X" Xg10.23* and X*X/0 females. However, we did observe a
small but significant decrease in bristle length of X*Xg23* females compared to X~ X/0 females
(339 £40 pum vs. 283 + 30 pm, P <0.001), suggesting that rRNA synthesis is decreased even if
fertility has yet to be affected. This data supports the hypothesis that prolonged maintenance of
the X*X chromosome with a Y chromosome (in excess of 14 months) is necessary for the LOY-

associated bobbed phenotypes to occur.

Discussion

We endeavored to assess the regulatory role of a free chrY in males and females in a
manner that eliminated the chromosome’s role in sexual differentiation. We did so by
manipulating strains carrying attached sex chromosomes so that a free Y chromosome could be
maintained in a population of males and females indefinitely. We found nominal changes in
male phenotypes between X*Y/0 and X*Y/Y, but females carrying a free chrY had a pronounced
increase in fitness-associated traits, including weight and fertility. We also document Y-specific
effects on small RNA expression of transposable elements in ovaries, and note specifically that
the Y-linked Su(Ste) transcript is significantly up-regulated in X*X/Y compared to X"X/0
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females. Males showed no differential expression of sense or antisense transposable element
transcripts. We additionally examined the effects of polymorphic Y chromosomes (Y and
Y congo) 1in both males and females, and while we found some significant changes (notably in
female fertility), the effects of Y-chromosome variation were relatively small.

When chrY was removed from the X*X/Y lineage, however, we observed adverse
consequences for the F1 X*X* females. We saw longer development, decreased bristle length,
and decreased fertility. When we investigated the content of the rDNA locus in these females, we
saw decreased copy number of rDNA operons and an increase in R/ and R2 expression
compared to the progenitor strain of X*X/0 females.

These results upend our initial assumption that adding a Y chromosome to X*X-carrying
females, and removing a Y chromosome from X*X/Y-carrying females are equivalent processes.
Our results indicate that long-term interactions occur between the X*X and Y chromosomes,
with the result that rDNA copies are lost on chrX”*X. The initiation and mechanism by which this
occurs remains unknown. The role, if any, of the increased R/ and R2 expression is particularly
intriguing; one would think that a physiological response to high retrotransposon levels would
occur. To investigate this further, it will be necessary to unlink decreased rDNA copy number
from the increased retrotransposon expression to determine if increased R/ and R2 expression is
a cause or byproduct of reduced rDNA copy number.

A reasonable hypothesis for the tolerance of XX rDNA loss is that Y-nucleolar
dominance (YND) occurs in females. YND is the exclusive expression of the chrY-linked rDNA

234748 wyith two notable exceptions: the X-chromosome array can be activated if

array in males
the Y chromosome has no functional array, and the chrX array is activated in the male germline,

when Y-linked copies are lost with increasing age and the chrX array is expressed*’*.
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Our data suggests YND occurs in females, as well. We see that although X" X/Y s
females have about the same number of R/- and R2-associated sequences as X" X/0 and X" X*,
expression of these sequences is drastically reduced in X*X/Y ¢s females (Figure 1.7B-C). Our
observation that X*X* females have lost IDNA copies compared to X*X/0, yet have similar
numbers of copies of R/ and R2 sequences (Figure 1.9B) is in agreement with previous research

234755 and an increase in R/ and R2

documenting preferential loss of non-inserted copies
expression®. As the Y chromosome has previously been documented to have a lower insertion
load than the X chromosome, most of the R/ and R2 sequences we see are located on X"X, yet
their expression is suppressed only in X*X/Ys. We also see ~4 times the number of /8S-1TS1
operons in X*X/Y s compared to X*X/0 and X*X* (Figure 1.9A), but we see ~25-fold increase
in expression in X*X/Y¢s (Figure 1.6D), again suggesting that the Y-linked arrays are
preferentially expressed. This dominant expression provides no opportunity for selection to
maintain XX rDNA copy number.

In summary, we observed that the Y chromosome can alter the rRNA gene content of the
attached-X chromosome, as well as expression of the X*X rDNA locus in ¢trans. We furthermore
provide evidence suggesting that Y-nucleolar dominance occurs in chrY-bearing females.

Together, these results highlight yet another regulatory role for the Y chromosome in D.

melanogaster.

Methods

Drosophila maintenance
Flies were raised on 10 mL molasses medium with propionic acid and 10%

methylparaben added as bacteria and mold inhibitors. Strains were reared at 23°C and 14-hour
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light cycle. Unless otherwise noted, all crosses were carried out with 15 females and 8 males per
vial; adults were discarded at day eight, and offspring were counted for six days. For X*Y/Y;
fertility testing, X*Y/0 and X*Y/Y; males were mated to two genotypes of wild-type females,
with 8 females and 7 males per cross and 5 vials per genotype. No differences in male fertility
were observed between the two female genotypes, so the data was pooled to allow for 10

replicate vials per male genotype.

Introgression of Y chromosomes into isogenic genetic background

Initially, Y chromosomes isolated from wild populations in the Democratic Republic of
Congo (Ycongo) and Ohio, USA (Canton-S; Ys) were introgressed into same genetic background
y’ Sbw!: e il eyR (BDSC# 4361)2. This strain has recessive markers for each chromosome and
had been kept under brother-sister mating for 24 generations immediately prior to the start of the
study. The male flies from wild populations were crossed with virgin females y!; bw’; *; ci! ey®
F1 males, which show a wild-type phenotype, were crossed for a second time with y/; bw!; e?;
ci’ ey® virgin females. F2 male flies showing all 4 genetic markers were selected and crossed for
the last time with y/; bw’; e*; ci’ ey® virgin females to stabilize the colonies. Stabilized colonies

were named based on the origin of the Y chromosome, i.e. Ycongo and Yecs.

Generation of strains with an extra Y chromosome

Isogenic Ycongo and Ycs males were crossed to a strain carrying balancers with markers
for the second (Duox®) and third (Sh) chromosomes. F1 male flies having these 2 markers were
selected and crossed to virgin females C(1;Y)3, In(1)FM7, w' m*/0/C(1)M4, y* (BDSC# 995).

This strain has X*Y and X*X compound chromosomes. Virgin female progeny with the two
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balancers were collected and crossed with males C(1;Y)3, In(1)FM7, w' m?/0/C(1)M4, y°. At this
point, offspring were isogenic for all chromosomes but the fourth chromosome. In order to
substitute the small heterochromatic 4th chromosome, single individuals were backcrossed
successively with individuals of the strain C(1;Y)3, In(1)FM7, w' m’/0/C(1)M4, y°. Because the
Y chromosome switches between male and female between generations, these crosses were
carefully controlled through eight generations. Virgin females were used for all crosses.
Eventually, the colonies were stabilized through crosses between X*Y/Y males and X" X/Y

females (SI Figure 1.1).

Oviposition assay

Virgin females aged 2-5 days were crossed to males in a 1:1 ratio and mated three days.
Females were collected under CO; and placed in an egg laying chamber covered with a grape
juice agar plate streaked with live yeast paste until they woke up; at that point, the chamber was
inverted so flies could lay eggs on the plate. There were 3-4 replicates per genotype with 10
females per replicate. Females were allowed to lay for four hours, and then the plates were
removed and new plates provided. The first plate was discarded. Females laid on the second
plate for 14 hours. Females were then removed, and eggs transferred to a clear agar plate
streaked on opposite sides with live yeast paste and then counted. After 24 hours, the number of
unhatched white eggs, brown eggs, and empty chorions was counted. Larvae and yeast paste
were transferred to vials, and the total number of eclosed adults was counted. Protocols and

56,57

recipes adapted from and personal communication from Ting Wu.
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Weight and bristle length measurements

For fresh weight measurements, 5 male and 10 female flies were combined in a vial with
molasses medium and allowed to mate and lay eggs for three days, when adult flies were
discarded. Eclosed flies from 5-10 replicates were collected daily. These flies were transferred to
a fresh vial, matured for 24 hours, frozen on dry ice, and stored at -80°C in groups of 50 flies. To
weigh flies, samples were removed from the freezer and thawed; 3-5 groups containing 50 flies
were weighed on a Mettler Toledo AG204 scale.

When crosses produced limited numbers of progeny, the offspring were weighed
individually using the computerized scale Metller Toledo MTS5 in a temperature- (21°C) and
humidity- (40%) controlled environment. In these cases, the average of >20 individual
measurements was used.

Dry weight was obtained after dessicating the samples for 72 hours at 48°C.

Bristle length was measured using AmScope EP10X30R Super Widefield 10X
Microscope Eyepiece with Reticle (30mm) and calibrated with OMAX 0.01mm Microscope

Camera Calibration Slide.

Small RNA samples and analysis

Ovary dissections

Five males and 10 females mated for five days and then discarded. Offspring were
collected daily. Virgin females were transferred to new vials with molasses medium and aged 48
hours. Ovaries were isolated using a dissecting microscope, needles, and forceps>®. Each pair of
ovaries was immediately immersed in ice-cold Trizol and stored individually at -80°C. The

corresponding carcass was saved to confirm the introgression of the Y chromosome by PCR.
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Each carcass was homogenized in 50 puL extraction buffer (25 mM of NaCl, 10 mM of Tris-HCI
pH 8, 1 mM of EDTA, 200 pg/mL proteinase K). The sample was incubated for 30 minutes at
65°C, then 3 minutes at 95°C, and centrifuged for 25 minutes at high speed. 1 pL supernatant
was used for a PCR reaction containing 400 nM of primers designed to amplify a 180 bp-
fragment from the third exon of the Y-linked gene KI-3. PCR products were run in 2% TAE-
agarose gel with a 100 bp DNA ladder. After confirmation of the presence of the Y chromosome,

ovaries from positive females were combined into two groups with 10 pairs of ovaries each.

Testis dissection

Five males and 10 females validated by PCR for the introgression of the Y chromosome
mated for 5 days and were then discarded. Offspring were collected daily and new males were
transferred to vials and aged for 48 hours. Testes were isolated using a microscope, needles, and
forceps®. Each testes pair was immediately immersed in ice-cold Trizol, and stored in sets of 10
pairs at -80°C

RNA isolation

Total RNA was isolated with Trizol. In order to check the quality of the RNA extracts,
samples were run in an 1% TAE-agarose and integrity was estimated based on the sharpness of
the ribosomal RNA bands. Samples that did not meet this quality control were re-extracted.
Concentration of all samples was assessed with Qubit 3.0 Fluorometer (Thermo Fisher
Scientific). In Drosophila, the 5.8S rRNA transcript is further processed to release the highly
abundant 30nt 2S fragment. To eliminate this molecule, we used 2 puL of a biotinylated reverse
complementary oligonucleotide (5’ - TACAACCCTCAACCATATGTAGTCCAAGCA - 3’) at
25 uM for 1 pg of total RNA. The mixture was heated at 65°C for two minutes and placed on ice.

The biotinylated oligo complexed with 2S rRNA was captured using a mixture of 25 pL
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streptavidin magnetic beads (New England Biolabs S1420S) and 500 pL binding buffer (0.5 M
NaCl, 20 mM Tris-HCI pH 7.5, 1 mM EDTA). The samples were mixed well and incubated on a
rotisserie for 10 minutes at room temperature. The samples were placed on a magnetic rack and
the supernatant was captured and transferred to a clean tube. We repeated the steps of adding 25
uL of beads, incubating at room temperature, and supernatant recovery. Beads were discarded
and supernatant containing total RNA depleted of 2S was collected. We added the same volume
of ethanol to the supernatant collected in the last wash to obtain a mixture of 50% ethanol. The
mixture was transferred to Zymo Direct-zol columns (R2052) and only the wash steps of the
manufacturer protocol were performed to wash away the binding buffer. The RNA was
recovered in 25 pL. of RNAse-free water.

Small RNA library preparation

Library synthesis was done using the automated Apollo 324 NGS small RNA Library
Prep protocol with PrepX RNA-Seq kit (Wafergen). The final product was individually
submitted to 15 cycles of PCR enrichment in reactions containing one barcode for each sample.
Samples were normalized using Qubit 3.0 Fluorometer, and 12 libraries were combined in a
single mix. The multiplexed mix was submitted to 50 cycles of single-end sequencing (1x50bp)
using the HiSeq 2500 system (Illumina).

RNA-seq mapping and analysis

The raw Illumina reads (1x50bp) were trimmed using Trim Galore!
(http://www .bioinformatics.babraham.ac.uk/projects/trim_galore/) under default quality
parameters (-q 30 --phred33). Those with length from 19 to 27 bps were selected, and mapped
against a list of repetitive elements from Repbase’® including transposable elements and Su(Ste)

with bowtie v1.1.1 by requiring 0 mismatches (-v 0 -k 50 --best). Note that these small RNA
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reads are strand-specific. We then counted reads mapped to each element in each strand, and
normalized against total reads mapped to the whole genome. Specifically, in either females or
males, the sample with the fewest genomic mapped reads was assigned with library size of 1;
and the others were calculated accordingly. Each genotype of X"X/0, X*X/Y s, and X*X/Y congo
had two biological replicates, as did the male counterpart genotypes. We combined the Y s and

Y congo Samples together for greater power; thus, there were two X X/0 (or X*Y/0) samples and
four X*X/Y (or X*Y/Y) samples. All statistical tests were done on normalized read counts using

a two-sided t-test.

Gene expression

Ovary and carcass dissections

Mated females aged 6-9 days were dissected in PBS. Five pairs of ovaries were placed in
100 uL Zymo ZR-Duet DNA/RNA MiniPrep Lysis Buffer and 5 matched carcasses were placed
in another tube of 100 pL buffer. All samples were kept on ice. Each genotype has 3 biological

replicates. DNA and RNA was extracted using manufacturer instructions.

qPCR

RNA was reverse transcribed with Qiagen QuantiTect Reverse Transcription kit. cDNA
was used as template with KAPA SYBR FAST qPCR Master Mix on Applied Biosystems
StepOnePlus. All primer sequences are in SI Table 1. Primers were designed using Primer3%°.
Ribosomal DNA sequences were obtained from Keith Maggert
(http://turtleribs.com/Lab/ewExternalFiles/35Smap.pdf). All samples were run in technical

duplicates and the average taken. In determining the average of the three biological replicates,
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the error of the three biological replicates was propagated and used to calculate 95% confidence

intervals.

Copy number analysis

XX/ Yes, X"X/0 and X" X* females

Genomic DNA was obtained from dissected carcass and ovary samples and isolated using
Zymo ZR-Duet DNA/RNA MiniPrep (see above). ~14-32 ng gDNA were digested with HindIII
(New England Biolabs) according to manufacturer instructions, except omitting the final enzyme
inactivation step. Depending on starting concentration, the digested gDNA was diluted 1:2 to
1:12 with water so that all samples had about the same amount of digested gDNA (maximum ~3-
fold difference).

Digital droplet PCR reactions were set up with Bio-Rad QX200 ddPCR EvaGreen
Supermix using 1.55 uL. of ~0.02 ng/uL digested gDNA per reaction. The concentration was
chosen so that the estimated copies/uL of the single-copy reference gene maelstrom and the
repetitive locus targets would both fall within the dynamic range of the QX200 Droplet Reader
(0.25-5,000 copies/uL). ddPCR partitions a single sample into 15-20,000 droplets, and a PCR
reaction is completed in each droplet; the number of positive fluorescent droplets is compared to
the number of negative droplets and then used to produce a copies-per-uL estimate for each
sample. All samples were run in technical duplicates or triples and the average taken and used to
calculate the average and standard deviation of three biological replicates. The reference gene
maelstrom 1is a single-copy gene in the haploid genome, so rDNA and associated sequence copy
number (denoted “genome copy number”) is determined by multiplying the

TARGET/REFERENCE value by 2. If the standard deviation of a target copy number was
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>10%, the largest raw concentration of the technical duplicates selected. Primers are listed in SI

Table 1.1.
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SI Figure 1.1: Cross design for the development of strains with a free Y chromosome. [sogenic males carrying
Y (where i = Yes OF Yeongo) Were crossed to a strain carrying balancers with markers for the second (Duox®) and
third (Sb) chromosomes. F1 males bearing these two markers were selected and crossed to virgin females from
BDSCH# 995 (C(1,Y)3,In(1)FM7, w' m*/0/C(1)M4, y°). Virgin female progeny bearing the two markers were
collected and crossed to males of stock 995. At this point, flies are isogenic for all chromosomes except the 4th
chromosome. To substitute chr4, single individuals were backcrossed successively with males and females of stock
995. Virgin females were used for all crosses. After 8 generations of backcrosses, stable stocks of X~ X/Y; and

X~Y/Y; were established.
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SI Table 1.1: List of all primers used in this study.

Target 5'-3' sequence Use
PCR qPCR ddPCR

Kil-3 F | gataacggaaactggcaac X
R | agtaccctgctcaccaatta

Kil-5 R | gtaaaggcttcatttgttce X
F | tgaggattgcagagtggtat

elFSa F | caaactgaggccgagattage X
R | ccgaaatagtcatacccttageac

Maelstrom F | accgagagcttgatggaca X
R | gtcggtggtcaaggctttag

ETS F | acctgcctgtaaagttggatt X
R | agcgcacatgataattcttec

ETS-18S F | tggaaatacgaattacgagtgc X
R | tggcaggatcaaccagaat

18S F | ggagagggagcctgagaaac X X
R | gecteggatatgagtectg

18S-ITS1 F | tegtaacaaggtttccgtagg X X
R | gecaagecccacactaacta

5.8S F | aactctaagcggtggatcactc X
R | cacagtttgctgegttette

5.8S F | actctaggcggtggatca X
R | agtttgetgegttctteate

ITS2 F | tgttattattcttcgttggttcgt X
R | aaatccttgttagtttcttttccte

ITS2-28S F | ggcgagegaaaagaaaaca X
R | gcactatcaagcaacacgact

5'28S F | gtcgtgttgcettgatagtge X
R | ctttccctcacggtacttgt

5'28S F | tgcctctaactggaacgtac X
R | ccctgacttcaacctgateca

28S-R2 F | aaattcaagtaagcgcgggt X
R | aaattccccttecgeacate

28S-R2 F | acacacagtgttggcagacc X
R | tagatgacgaggcatttggc

3'28S F | ctgatgccgegetagttac X
R | gcetcaaccacttacaacacct

R2-A F | agctaatttgagcggcaaaa X X
R | aaaggtatccgaggcetegtt

R2-B F | ccttatcccacagcetctace X
R | cagcggaagatttagccatc
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SI Table 1.1 (Continued)

Target 5'-3' sequence Use
PCR qPCR ddPCR
R2-28S F | acacacagtgttggcagacc X X
R | tagatgacgaggcatttggc
28S F | cccagtgctetgaatgtcaa X
(no R2) R | cgaggcatttggctacctta
28S F | attcaagtaagcgcgggt X
(no R2) R | cattcatgcgegteacta
28S-R1 F | gccaaatgectegteateta X
R | tettegeactatgtecacga
R1-A F | gtggacatagtgcgaagaac X
R | ccacttccacggaacactaa
R1-B F | tacccatatcgcgggtagag X X
R | ctgatctctgggtcacagea
R1-28S F | gttgtaatcccttcagtgtgga X X
R | cttggctgtggtttcgectag
28S F | acgcgcatgaatggattaac X
(no RI) R | aattattccaagccegttee
28S F | aacgagattcctactgteee X
(no RI) R | ccgetaattattccaageee
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Abstract

Recent work by our lab demonstrated that Drosophila melanogaster females carrying an
attached-X chromosome and maintained with a free Y chromosome (denoted X" X/Y) produce
F1 X*X offspring with ribosomal RNA-deficiency phenotypes. These phenotypes, traditionally
referred to as bobbed, included delayed development and reduced viability and fertility in F1
females. We traced the bobbed phenotypes to a decrease in rDNA copy number (CN) on the
X"X chromosome. Here, we elaborate on those findings. We observe that other strains of X*X/Y
females also produce X" X offspring with reduced fitness, and some X*X/Y strains produce no
F1 XX offspring at all. The X*X/Y strains that give rise to bobbed XX offspring all bear the
inversion-containing attached-X chromosome C(1)M4. We found these X*X/Y strains to also
have low copy numbers of ribosomal DNA sequences. We investigated whether low rDNA copy
number is sufficient to induce bobbed phenotypes by outcrossing X*X/Y females and counting
the number of female offspring and measuring their fertility. We find that heterozygosity can
significantly ameliorate bobbed phenotypes in some X”*X/Y strains such that low rDNA CN is
not sufficient for bobbed manifestation. Finally, we examine how introduction of a rDNA-
deficient Y chromosome mediates X" X/Y viability. We find, surprisingly, that the mere presence
of an rDNA-deficient Y chromosome is lethal when combined with inversion-containing XX
chromosomes, whereas flies carrying a non-inverted XX chromosome are unaffected. Together,
this research suggests that interactions between the XX and Y chromosomes can be detrimental
to the XX chromosome, and we hypothesize this may be a result of extended Y nucleolar
dominance. We demonstrate, however, that in some strains, rDNA expression can be
autosomally modified, suggesting the existence of multiple mechanisms by which the rDNA

locus is maintained and its genes expressed.
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Introduction

The repetitive ribosomal DNA (rDNA) arrays are essential to life in organisms from
bacteria through humans. They contribute the structural RNAs that make up the ribosome, the
site of protein synthesis. In eukaryotes, the rRNA components are the /85, 5.8S, 28S, and 55
sequences'?. The former three are arranged as an operon known as the 455 rDNA (Figure 2.1A),
and are transcribed as one pre-rRNA transcript that is processed post-transcriptionally into the
mature subunits; the 55 gene is also arranged in a repetitive locus, usually elsewhere in the
genome®*. In D. melanogaster, the rDNA arrays are on the sex chromosomes, and the number of
arrays on each chromosome is highly variable between and within populations, as well as
between the chromosomes themselves®. In D. melanogaster males, the Y array is typically
dominant over the X array, such that the X array is silenced and Y -specific transcripts are
expressed, a phenomenon known as Y nucleolar dominance®’. D. melanogaster, as well as other
arthropods and many insects, also has two site-specific retrotransposons, R2 and R/, that insert

74 bp apart in the 28S gene which render the 28S rRNA nonfunctional (Figure 2.1B)%°.

A B

rDNA array 1 2

285

R2 R1
IG ETS ITS-1 ITS-2 L
L_ Te5 jmmmml 5oo jmmmal 285 |0

Figure 2.1: rDNA operon subunits and transposable elements. (A) Cartoon and structure of the repetitive IDNA
array and the rDNA operon. (B) Cartoon of R2- and R/-inserted 28S gene. Primer amplicons are labeled 1-3. #1:
288S-5” junction; #2: internal R2 and R1 sequences; #3: 3°-28S junction. Not to scale.

When flies have reduced rDNA copy number, they exhibit bobbed phenotypes, first

documented in 1925 as a mutation that reduced bristle length'®. Bobbed mutants are
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hypomorphic and produce the same phenotype as a wild-type allele, but to a lesser extent; the
severity is determined by the number of TDNA copies deleted. As more copies are deleted and
fewer rRNA genes are available for transcription, the bobbed phenotype begins to encompass
abdominal etching, delayed development, reduced fertility, underdeveloped or missing external
genitalia, and in the most severe cases, lethality'®. The bobbed phenotype has also been observed
in flies with high numbers of R/ and R2 insertions, suggesting that the number of uninserted
rDNA operons is more important for cellular and organismal viability than the total number of
rDNA operons' "2,

Previous work in our lab, detailed in Chapter 1, demonstrated that maintaining females
carrying attached-X chromosomes (denoted X"X) with free Y chromosomes causes rDNA copy
number loss on the XX chromosome. Since the Y chromosome (chrY) maintains an array,
phenotypic effects of the rDNA loss are not apparent unless the Y chromosome is removed.
Female offspring that have lost chrY relative to their X*X/Y mother display bobbed phenotypes
including delayed development, cuticle abnormalities, reduced bristle length, and reduced
fertility. We collectively refer to the loss of X*X rDNA copies and the resultant bobbed
phenotypes as the loss-of-Y (LOY) phenotype.

We here further characterize the manifestations of this phenotype. First, we investigated
the generalizability of our observation to other X" X/Y strains, as D. melanogaster attached-X
chromosomes come in different configurations. We found only certain configurations of the
attached-X chromosome produced females exhibiting LOY phenotypes. Attached-X
chromosomes that impart an LOY phenotype are denoted X" X*, where the asterisk indicates a
X"X chromosome that has been in the presence of a Y chromosome. Our original study used a

strain carrying a C(1)M4 attached-X, which has multiple inversions. We find other C(1)M4 X*X
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chromosomes also produced LOY phenotypes in X*X* females. On the other hand, X*X
chromosomes comprising X chromosomes without inversions, specifically C(1)RM and C(1)A,
showed no adverse consequences of loss of chrY in X*X* offspring. Second, we estimated the
copy number of the rDNA subunit sequences and of the rDNA-specific retrotransposons R/ and
R2 in these strains. We found inversion-carrying X*X chromosomes to have low rDNA copy
numbers with many inserted genes, while an attached X-chromosome lacking inversions showed
significantly higher numbers of X-linked rDNA operons.

Third, we examined the sufficiency of reduced rDNA copy number to cause the LOY
phenotype by evaluating the role of genetic background in its manifestation. We outcrossed
C(1)M4 females and observed a range of phenotypic responses in heterozygous X" X* females,
some of which were beneficial and some of which produced more severely bobbed progeny than
the homozygous background. Finally, we demonstrated that bobbed-associated X*X
chromosomes are incompatible with a rDNA-deficient chrY. Furthermore, the rDNA-deficient
chrY has a dominant negative effect on X*X viability, such that fewer X" X/Y offspring are
obtained than X" X* offspring.

Together, these results show that rDNA loss on the X*X chromosome can arise in
different strains, but indicate that inversions on one or both X chromosomes are necessary for the
loss to occur. Introducing heterozygosity can both exacerbate the effects of the reduced rDNA
copy number or ameliorate the effects and produce more viable X*X* females. This suggests
that reduced rDNA copy number alone is not sufficient to cause the LOY-associated phenotypes
and implies that there are multiple regulatory steps and pathways in the process. We propose that

interactions between X and Y chromosomes, particularly at the rDNA loci, are complex and
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poorly understood with potentially lethal effects on female fitness. This research opens up new

avenues to begin investigating the mechanisms of rDNA regulation.

Results

The loss-of-Y phenotype is not limited to the 995 progenitor strain

We originally began our work to investigate physiological responses to the addition of an
extra Y chromosome in males and females (see Chapter 1). We introduced a free chrY, denoted
Y, to X*X/0 females and X*Y/0 males and established a stable isogenic stock of X*X/Y s and
XY /Y s genotypes. We did not observe pronounced phenotypic effects of Y-chromosome
aneuploidy in males, but X*X/Y s females displayed phenotypes including increased weight and
fertility compared to X*X/0 females. Interestingly, after about three years maintained as X" X/Y s
females, the removal of chrY via crossing to X*Y/0 males resulted in X*X* female offspring
that exhibited a number of bobbed phenotypes, including a pronounced reduction in X" X*
fertility.

To trace the source of the bobbed phenotypes, we compared between female genotypes
the copy numbers of 455 genes and the rDNA retrotransposons R2 and R/, which insert into the
288 gene and render it nonfunctional (Figure 2.1). We found that X*X* females had fewer
copies of rRNA genes than X*X/0 females, but there were few differences between the two
genotypes in the number of R2- and R/-associated sequences. Thus, many of the 28S copies in
X" "X* females were inserted and nonfunctional, contributing to the bobbed phenotypes. We also
observed that expression of R/ and R2 were significantly up-regulated in X*X* compared to
X X/0.

The emergence of bobbed females from the non-bobbed X"X/0 progenitor strain could be

due to the progenitor strain genotype, resulting from either the strain’s autosomal background or
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the configuration of the attached-X chromosome. We used BDSC# 995 as the basis for creating
the X*X/Y s strain, which has the genotype C(1,Y)3, In(1)FM7, w! m?/0/C(1)M4, y* (Table 2.1);
we refer to males and females originating from this genotype but carrying Y¢s as Cs10 (C(1,Y)3,
In(1)FM7, w! m?/Y./C(1)M4, y°). The C(1)M4 configuration that this stock carries is notable as it

is derived from three X-chromosome inversions: FM7, AB, and w™.
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To evaluate the generalizability of the LOY phenotype induced by chrY loss in Cs10, we
obtained additional X*X/Y stocks: two stocks carrying C(1)M4; one C(1)M3, another
configuration that carries multiple inversions; and C(1)RM and C(1)A, which do not carry any
known inversions. Unlike the stocks we created using the 995 background, we do not have a
control X*X/0 genotype to which to compare these new X*X/Y stocks: they had all been
maintained with a free chrY for at least 2 years (and up to 30 years; X" X/Y s has been
maintained for ~6 years). Thus, we designed a crossing scheme that allows us to control for
genetic background and assess whether X" X* females originating from these new X*X/Y strains
show subpar fertility (Figure 2.2). We crossed females from the new X*X/Y stocks to both 995
X"Y/0 and Cs10 X"*Y/Y s stocks in order to, respectively, (a) remove the free chrY and
introduce a heterozygous autosomal background, and (b) maintain a free chrY and introduce a
heterozygous autosomal background. This allows us to compare the number of offspring
produced by the heterozygous X" X* females to the number of offspring produced by the

heterozygous X" X/Y¢s females.
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Figure: 2.2: Cross diagram for evaluating fertility in other X*X/Y strains.

For strains carrying C(1)4, C(1)RM, and C(1)M3 (BDSC #9565, 33060, and 59968,

respectively), we observed no difference in the number of offspring produced by X" X/Y

heterozygotes and X" X* heterozygotes (Table 2.2). We did observe, however, that in both

crosses, 59968 females (carrying C(1)M3) produced very few female offspring. This was

unexpected because we noticed no bobbed-associated phenotypes, such as cuticle abnormalities

or delayed development, in either of the F1 X*X/Y or X*X* heterozygotes (note, however, that

59968 carries a Pin mutation that causes shortened bristles, such that we would not detect rDNA-

induced reduced bristle length).
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Table 2.2: Some X*X/Y stocks show no loss of fertility upon losing chrY. Number of offspring and % female
offspring from X" X/Y females carrying C(1)A4, C(1)RM, and C(1)M3 attached-X chromosomes (9565, 33060, and
59968, respectively). Heterozygous F1 X*X* and X*X/Y females of genotypes 9565/995; 33060/995; and
59968/995 were crossed to 995 X*Y/0 males and the data is presented below. The total number of offspring from
two vials and the % female offspring are shown.

F1 XAX* F1 XAX/Y
X strain/995 strain/995
attached-X strain: 9565 33060 59968 9565 33060 59968
XAY/0 # F2 offspring: 269 258 118 231 316 125
995 % female 50.5 74.0 1.7 48.9 63.3 9.6

We could not complete this experiment for the additional C(1)M4 strains, BDSC# 1277
and 12555. In the PO cross depicted in Figure 2.2, we had almost no female X" X* offspring
when we crossed stock X" X/Y 127712555 females to 995 X*Y/0 males (Table 2.3). In other words,
we could not create heterozygous F1 X X* females carrying C(1)M4, while F1 C(1)M4 females
carrying Y¢s developed normally (Table 2.4). We eliminated a gametic contribution to the
phenotype by collecting F1 embryos from the X*X/Y 1277,12555 X X*Y/0 cross and amplifying a Y-
linked gene; we find both Y-positive and Y-negative embryos, indicating the lack of females is
due to developmental deficiencies (SI Figure 2.1). To verify the male bias was not due to
paternal contribution, we crossed X" X/Y1277,12555 females to another strain of X*Y/0 males
(BDSCH# 2494); again, X" X/Y 1277 females produce zero X*X* offspring, and X*X/Y 12555

produced very few (0.33 + 0 per vial; 3 replicate vials).

Table 2.3: X*X/Y females from C(1)M4-carrying stocks 1277 and 12555 produce almost no X*X* female
offspring. X*X/Y females were mated to 995 X*Y/0 males and the number of male and female offspring was
counted. Each genotype had three replicate vials and the average and standard deviation are shown.

F1 offspring

Female XAX* Male XAY/Y
maternal 1277 X"X/Y 0 29.0+10.8
genotype 12555 XAX/Y [ 0.67 +0.58 43.0+5.2
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Table 2.4: X*X/Y females from C(1)M4-carrying stocks 1277 and 12555 produce female offspring when
mated to males carrying a free chrY. F1 X*X/Y females are produced when mothers from stocks 1277 and 12555
are mated to Cs10 X*Y/Y males. Each genotype had three or four replicate vials. The average and standard
deviation are shown.

F1 offspring
Female XAX/Y | Male X Y/Y

maternal 1277 XAX/Y 53.3+9.5 18.3+9.0
genotype 12555 XAX/Y 49.8+5.4 43.8+13.7

The lack of F1 X*X* female offspring is reminiscent of another rDNA-associated
phenotype, which manifests when females carrying a C(1)DX chromosome (which lacks
functional rDNA arrays) and a free chrY are mated to X*Y/0 males: no F1 female offspring are
produced because without a free chrY with an rDNA array, the rDNA-deficient C(1)DX
chromosome is incapable of supporting development. Hence, we postulate that our inability to
create heterozygous F1 X" X* females carrying C(1)M4 could be explained by either the
attached-X chromosomes lacking rDNA, or being unable to express their arrays. An rDNA
abnormality may also explain the C(1)M3 phenotype, but it is more challenging to assess since

this strain is not homozygous and carries 2" chromosome mutations.

rDNA copy numbers on attached-X chromosomes are highly variable

We previously noted in Cs10 females that maintenance of the X*X chromosome with a
free chrY caused reduction in the number of functional rDNA arrays on the X*X chromosome
(see Chapter 1). We hypothesized that these two new C(1)M4 strains, 1277 and 12555, may also
have lost functional rDNA arrays after years of maintenance with a free chrY. Assessing rDNA
copy number (CN) in these strains is slightly challenging since X*X/Y from 1277 and 12555
produce almost no X*X* offspring and thus, we cannot measure X*X rDNA copy number

directly. To circumvent this limitation, we estimated X" X; CN (where i=1277 or 12555)
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indirectly by first crossing X;Y; males to 995 X*X/0 females to generate X;0 males. We then
collected and dissected these X;0 males; the stock X;Y; males; and stock X*X;/Y; females from
1277 and 12555. With these three genotypes, we estimated X*X copy number (CN) with the
equation X*X CN = X*X/Y CN — (XY CN — X0 CN). We also included genotypes from strain
33060, which did not show a rDNA-deficiency phenotype and acts as a control.

Using this method, we measured copy number of the three rRNA genes (/8S, 5.8S, and
28S), as well as RI- and R2-associated targets, in strains 1277, 12555, and 33060. We present
our Cs10 observations again in Figure 2.3 (data also shown in Chapter 1, Figure 1.9). We
observed Cs10-originating X" X* show reduced 455 copy number compared to the progenitor
strain X" X/0, yet no change in R2- and R/-associated sequences. We calculated that ~86% of the
288 sequences in X" X* are inserted with R/, compared to ~70% in X"*X/0, leaving ~24

functional 28§ sequences in X" X* compared to ~68 functional sequences in X*X/0.
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Figure 2.3: Copy number of rDNA-associated sequences in 995 X*X/0 and Cs10-originating X*X* females.
XX copy number was measured directly in 995 X*X/0 females and compared to CN in X*X* (offspring of
X~X/Y s females). The reduced rDNA copy numbers in X*X* indicate that after XX is maintained with a free chrY
for multiple years, there is a reduction in X-linked rDNA copy number. Data is also presented in Chapter 1, Figure
1.9A-B.

We find more variability in our measurements of 455 and R2 and R/ copy numbers in
strains 12555, 1277, and 33060 (Figure 2.4) (measured indirectly as described above). We also
find these copy number estimates to be lower than estimates for Cs10; this could be biological,

as there is documented high inter-individual and inter-strain variability>!>!4

, or it could be an
artifact of our method for determining copy number. Thus, we choose not to compare Cs10
measurements to 12555, 1277, and 33060 measurements, but to compare the latter three
genotypes only, as these CN estimates were obtained using the same method.

We find, as expected, that the non-LOY strain 33060 had high copy numbers of the

rRNA-associated genes (Figure 2.4). However, the difference between 33060 and either 1277 or
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12555 was significant only for the 28S target in comparison to 12555 (P = 0.007). Additionally,
12555 exhibited a much lower copy numbers of 28S than 1277 (P = 0.002). The /8S and 5.8S
estimates for 1277 and 12555 are very similar at ~30 copies per genome; for 28S, 1277 has 102

copies while 12555 again has ~30 copies.
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Figure 2.4: Females carrying C(1)M4 and a free chrY have fewer copies of rRNA genes and retrotransposon-
associated sequences than females carrying C(1)RM and a free chrY. Females of C(1)M4 strains 1277 and
12555 have very low viability if they are not maintained with a free chrY, while females of C(1)RM strain 33060
exhibit no adverse effects when reared as X*X* females. The 33060 XX chromosome has more copies of rDNA
operons than 1277 or 12555 XX chromosomes, a difference significant only for the 28S target sequence. (B) The
33060 X*X chromosome also has more copies of many R2- and R/-associated sequences than 1277 or 12555 X*X
chromosomes.

When we looked at R2- and R1-associated targets, we found that 33060 had more copies
of most targets, as expected from a strain that is non-bobbed and had higher CN of 45§
sequences. The difference in CN between 33060 and 1277 or 12555 was significant for the
internal R2 target (P = 0.011 for both comparisons), 28S-R1 (33060 vs. 1277 P =0.013), and
internal R7 (33060 vs. 1277 P =0.002). We also found significant differences between 1277 and
12555, and 12555 often had higher R/-associated copy numbers (28S-RI P = 0.014; internal R/
P =0.029).

Since R2 and R/ insertions render the 28S gene non-functional, we calculated the number

of inserted 28S copies in each strain. We used the genomic copy number of the R/-28S or R2-
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288 junction (target 3 in Figure 2.1B) as the minimum number of inserted operons, and divided
that value by the measured number of 28S genes, shown in Figure 2.4. The results are presented
in Table 2.5. The control strain 33060 had about 65 uninserted 28S copies, while the 1277 strain
had about 45 uninserted copies. Unexpectedly, we observe that for strain 12555, there were

many more inserted R/ amplicons than there were copies of the 28S amplicon.

Table 2.5: Inserted 28S copy numbers on 1277, 12555, and 33060 X*X chromosomes. Genome copy number
estimates from the 285, 285-R2, and 28S-R1 targets were used to calculate the number of R2- and the number of R/-
inserted units.

3' 28S Copy Number

1277 12555 33060

# Uninserted

% Uninserted

# Uninserted

% Uninserted

# Uninserted

% Uninserted

R2-28S

65.51

63.80

-0.70

n/a

126.47

78.68

R1-28S

45.79

44.60

-30.28

64.50

40.12

n/a

These results suggest that the lack of female X*X* offspring in 1277 and 12555 is due to
insufficient numbers of rDNA subunits. However, a causal role for R/ and/or R2 insertions is
less apparent. It is possible that while 1277 and 12555 X~ X* females exhibit the same phenotype
(impaired development), the underlying cause and mechanisms are different. The high copy
number of R2- and R/-associated sequences in 12555 suggests that these sequences may be

retained in excess of subunit copy number.

Autosomal background alters X"X* viability
There are two LOY phenotypes we observe, all of which manifest in C(1)M4-carrying
females: a reduction in X"*X* fertility, as seen in Cs10, and X*X* inviability, as seen in 1277

and 12555. Note that Cs10 X*X* females also emerge in fewer numbers than their male siblings,
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comprising ~30% of offspring. Thus, Cs10 also displays female-specific lethality, although not
as severe as that seen in 1277 and 12555.

Heterosis, or hybrid vigor, is a well-documented occurrence by which hybrid offspring
are more fit than their parents'>"!7. We questioned if outcrossing Cs10, 1277, and 12555 females
would similarly improve hybrid F1 X*X* viability. We hypothesized that if the reduced viability
of X*X* is a function only of too few rDNA arrays and/or functional 28S rRNA, then
outcrossing X*X/Y females to males from other genotypes will have no effect on F1 fertility.
Alternatively, if the reduced fertility phenotype has a regulatory component and is at least
partially due to transcriptional regulation or chromatin organization of the rDNA operons, a
heterozygous autosomal background may modify the phenotype.

We probed the sufficiency of reduced rDNA copy number to induce bobbed phenotypes
by investigating whether heterozygosity can modify them, focusing first on the number of X" X*
females that emerge as adults. We outcrossed X*X/Y females from strains Cs10, 1277 and
12555 to five male genotypes: 995, 33060, 4361, Draveil, and Delhi. The male genotypes are,
respectively, X*Y/0; X*Y/Y; and XY for the remaining three. The former three are laboratory
strains and the latter two are wild-caught strains originating in France and India, respectively
(Table 2.1). For X*X/Y females from strains 1277 and 12555, we also crossed to Cs10 males
(X*Y/Y). We next crossed the now-heterozygous X" X/Y females to 995 X*Y/0 males and

counted the number of X*X* and X"Y/Y offspring produced (Figure 2.5).
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Figure 2.5: Cross diagram for evaluating the effect of heterozygosity in Cs10, 1277, or 12555 X*X/Y females.
The top left depicts the X X/Y female from strain Cs10, 1277, or 12555, and the top right depicts a male from one
of the outcrossing strains; an X*Y/Y genotype is depicted in the cartoon.

As expected, we find that for all crosses of Cs10, 1277, or 12555 females to X*Y/Y or
XY males, the X*X/Y F1 offspring show no male bias, as there is still a free chrY present

(Tables 2.6-2.8, column I).
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When heterozygous F1 X*X/Y from strain Cs10 are crossed to X*Y/0 males, the
X" Xcs10™ offspring constitute a range of proportions and all heterozygous genotypes produce
fewer X" X* offspring compared to the number of X*X/Y offspring produced in the parental
cross (Table 2.6, columns II and IIT). However, when the proportion of X*X* offspring from
heterozygous mothers is compared to the proportion obtained from homozygous mothers, we see
that outcrossing decreases X" X* survival for all genotypes except one (Table 2.6, column II and
IV). Homozygous X" Xcs10/Y and heterozygous X”*X4361/Y produce 25%-30% female offspring,
while all other genotypes produce ~10% female offspring. The reduction in female offspring
suggests that outcrossing can, in some cases, depress X*X* fitness in Cs10. This indicates X" X*
fitness is somewhat malleable and not strictly a result of insufficient I DNA copy number.

We found that strain 1277 does not respond to altered genetic background (Table 2.7).
Homozygous 1277 X*X/Y females produce no X*X* offspring when mated to X*Y/0 males,
and heterozygous X" X1277/Y females also produce no X"X* offspring, with two exceptions
(Table 2.7, column II). The exceptions are X*X1277/Y females heterozygous for Cs10 and 33060
genotypes, which produced a very small number of X" X* offspring (Cs10: 0.43 + 0.55 per vial,
5 replicate vials; 33060: 1.67 + 1.53, 3 replicate vials) (Table 2.7). Thus, here we see that the
inviability of X*X1277* is strongly linked to the X"X1277 chromosome and suggests that low
rDNA copy number is sufficient to induce the LOY phenotype.

Strain 12555, on the other hand, is dramatically rescued by introducing heterozygosity
(Table 2.8). The X*X* offspring of homozygous 12555 X*X/Y mothers are usually ~1.5% of the
offspring (Table 2.8, column II); however, all tested outcrossing genotypes increase that
percentage and the increase is significant for four of the five genotypes (Table 2.8, column IV).

We note particularly that strain 4361 produced nearly the same amount of X*X* offspring as it
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did X*X/Y offspring, with ~45% females (Table 2.8, column II). This strongly suggests that
despite strain 12555 having few copies of the rDNA array (Figure 2.4) and having more R2 and
R1 sequences than 28S genes (Table 2.5), the LOY phenotype is not obligatory and is thus due in
part to regulation of the locus.

To further link the rescue of male bias via outcrossing to rDNA transcription, we
compared bristle length in the X" X* females from the heterozygous 12555 lineages, as bristle
length is highly correlated with rRNA synthesis'®. We find homozygous X"X/Y 12555 females
have significantly longer bristles than any of the heterozygous X" X* offspring, highlighting the
link between the presence of a Y chromosome, female viability, and bristle length (Table 2.9).
We also note that of the X*X* offspring produced by heterozygous X" Xi2ss55/Y mothers, those
from mothers heterozygous for 4361 had longer bristles than other X*X*; as this genotype also
produced a 1:1 male:female ratio in offspring, this suggests that female viability and bristle
length are highly correlated, thus linking rDNA transcriptional capacity to the X*X* phenotype
seen in the X" Xi2s55 chromosome.

Table 2.9: Bristle length is reduced in 12555 X~X* heterozygous females. Y-bearing females from strain 12555

have longer bristles than any of the X" X* females. P-values compare the bristle measurements of 12555
homozygous X" X* to X X* from heterozygous X" X* mothers.

Genotype ML P-value
length (um)

XAX/Y 12555 422 + 35 -

XAX* 12555 196 + 58 -

XAX* 12555/Delhi | 199 + 55 0.902
XAX* 12555/Cs10 213 +42 0.295
XAX* 12555/33060 | 213 +18 0.271
XAX* 12555/4361 | 249 + 33 0.013
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Autosomal background alters X"X* fertility

As seen in Table 2.6, column II, the offspring of Cs10 X*X/Y females and X*Y/0 males

have a male bias. These F1 X*X* females also show reduced fertility. As autosomal background

can alter the viability of X*X* females, we tested the hypothesis that maternal heterozygosity

can also affect X" X* fertility. We compared the fertility of X*X* females from Cs10

homozygous X*X/Y mothers to the fertility of X*X* whose mothers were heterozygous for 4361

(Figure 2.6A); the 4361 outcross produced about the same proportion of X*X* females as did

homozygous mothers (Table 2.6, column II).
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Figure 2.6: Heterozygous X" X/Y s females produce X*X* offspring with increased fertility. (A) Cartoon of
crosses used to compare fertility of X*X* females from homozygous or heterozygous mothers. In the top right in
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Figure 2.6 (continued) blue are the autosomes from outcrossing strain 4361. Not depicted is the cross of Cs10
XAX/Y to 995 X~Y/0 males as the control cross in the F2 generation. (B) Heterozygous X*X/Y females produce
XAX* offspring that are more fertile than those from homozygous X*X/Y females. When Cs10 females are
outcrossed to males from strain 4361, and the F1 heterozygous X*X/Y females are outcrossed to X*Y/0 males, the
resulting F2 X" X* females are significantly more fertile than X*X* originating from a Cs10 homozygous mother.
XAX* maternal genotype is shown on the Y axis. (C) X*X* females from a heterozygous lineage produce more
female offspring than X~ X* females from a homozygous lineage. Maternal genotype is shown on the Y axis.

We find that X*X* offspring from Cs10/4361 heterozygous mothers were significantly
more fertile than X*X* from homozygous Cs10 mothers (Figure 2.6B). Additionally, offspring
from X" X* with a heterozygous Cs10/4361 lineage produced F3 male and female offspring in
~1:1 ratio, while X*X* from the homozygous lineage produced ~30% F3 female offspring
(Figure 2.6C), a similar percentage to the number of X*X* produced in the F2 generation (Table
2.6, column II).

The ability of a heterozygous Cs10/4361 background in X*X/Y to increase the fertility of
XAX* offspring, in addition to the viability of those same X" X*, indicates that the adverse
phenotypes associated with loss of chrY in Cs10 are not simply a result of insufficient IDNA
arrays but are, in part, regulatory. Whether this regulation occurs at the transcriptional level or is

an indirect effect due to differential maintenance of rDNA copy number remains to be seen.

A rDNA-deficient chrY is unable to support females carrying LOY X*X chromosomes

To further confirm our hypothesis that the LOY phenotypes in females carrying C(1)M4
X~X chromosomes is due to the rDNA content on the chromosomes, we introduced a rDNA -
deficient Y chromosome to observe its effects on female viability. The Y chromosome from
BDSC# 6210, which contains a Su(var)3-9 mutation, does not carry detectable rDNA arrays and
is inviable in males carrying an rDNA-deficient X chromosome®. We confirmed that Y30 does

not support females carrying rDNA-deficient X*X chromosomes by introducing it to C(1)DX-
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carrying females and observing no female offspring. We then introduced Yy39 to X*X/Y females
from strain 33060, which did not show a LOY phenotype upon loss of chrY, and to strain 59968,
which displayed no obvious LOY or bobbed phenotypes such as cuticle abnormalities or
increased development time, but did produce male-biased offspring (Table 2.2).

We saw a small and non-significant decrease in the percentage of female offspring when
Y39 1s introduced 33060 X*X/Y females, but note a larger, significant decrease when Yy3o 1s
introduced to 59968 X*X/Y females (Figure 2.7A). Furthermore, while the cross 59968 X" X/Y
to X*Y/0 produces ~25% female X*X* offspring, the cross X*X/Y to XY sv39 produces ~7%
X"X/Ysv39 offspring. This indicates that the Y39 chromosome decreases female viability in

59968 compared to no Y chromosome at all.
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Figure 2.7: A rDNA-deficient chrY has variable effects on X*X chromosomes. (A) Strain 33060 showed no
LOY or bobbed phenotype in X" X* offspring, and introducing Y s39 to homozygous stock X*X/Y females did not
significantly change the proportion of female offspring. Strain 59968 showed no bobbed phenotype in X X*
offspring, but produced fewer X*X* females than males. When Y39 is introduced to homozygous stock 59968
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Figure 2.7 (continued) X"X/Y females, however, the X*X/Y 39 offspring are both few in number and proportion.
This phenotype is more adverse than that found in X*X* offspring. The x-axis shows the parental genotypes; each
cross comprised 2 replicate vials, except for 59968 X" X/Y x XY s39, which comprised 4 replicates. (B) A rDNA-
deficient chrY is unable to support females carrying C(1)M4 X*X chromosomes. Strains Cs10, 1277, and 12555
produce few eclosed adult female offspring carrying Ys39. (C) Females maintained as X~ X/0 are viable after
introduction of Yg39. Females from three stock populations maintained without a free Y are crossed to XY s 39 males
and F1 X"*X/Y 39 offspring eclose in about equal numbers as their X0 male siblings.

We find that introducing Y39 to strains that exhibit LOY phenotypes also reduces the
viability of X*X/Y females (Figure 2.7B). For strains Cs10 and 12555, X"X/Yy39 are less viable
than homozygous stock X*X/Y, but they are also less viable than even X" X*, as seen by the
reduced percentage of adult females eclosed. Strain 1277 also displayed reduced viability of
X"X/Y sv39 compared to homozygous stock X*X/Y, although there is a slight but significant
increase in X" X/Y39-bearing females compared to X*X* females.

These results support the hypothesis that strains exhibiting reduced X" X* viability are
less capable of producing sufficient rRNA due to low copy number of functional rDNA cistrons
on the XX chromosome. With the exception of crosses done with 33060, which serve as a
control, the consensus response of reduced numbers of X*X/Y 39 female offspring compared to
homozygous X" X/Y stock female offspring indicates that the reduced number of X" X* females
from strains Cs10, 59968, 1277, and 12555 can be linked to the rDNA locus on the XX
chromosome. However, the reduced viability of Ys39-carrying females compared to X" X*
females from stocks 59968, Cs10, and 12555 indicates a dominant effect of Y30 on X X rDNA
loci; the small rescue seen by 1277 X*X/Ysv39 females may be an exception.

This Ysvo-dominance does not appear, however, when the Y chromosome is introduced
to phenotypically normal X*X/0 females. We introduced Y39 to three genotypes of X*X/0
females maintained in a stock without a free chrY: BDSC# 995, 2494, and 38416. We find

X"X/Ysv39 F1 female offspring eclose in expected numbers, yielding ~1:1 female:male ratio
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(Figure 2.7C). Thus, while the Y39 chromosome appears to be dominant over rDNA-deficient

X"X chromosomes, strains carrying healthy XX chromosomes are insensitive to Yv39.

Discussion

Our earlier work (see Chapter 1) identified an unusual genetic alteration — namely a loss
of rDNA copies on the XX chromosome — that occurred after a X*X-carrying female was
maintained with a free chrY for an extended period of time. The phenotype was obscured in
XAX/Y females, likely due to Y-nucleolar dominance and the expression of only the Y-linked
rDNA array. When chrY was removed, by crossing X*X/Y females to X*Y/0 males, the
resulting loss-of-Y females, which we indicate as X" X*, show a pronounced bobbed phenotype,
including reduced numbers of viable X*X* and reduced fertility of X" X*.

We did this original work in the Cs10 strain and we here elaborate on these observations
to (a) determine if other XX chromosomes respond in a similar manner to maintenance with a
free chrY; (b) if the LOY phenotype is fixed or can be modified via introduction of new genetic
material; and (c) if introduction of a rDNA-deficient Y chromosome alters these phenotypes.

We observed that the LOY response is generalizable to strains in which the X*X/Y
females carry X*X chromosomes with inversions. Attached-X chromosomes come in six
common configurations, which differ in the location of the centromere (metacentric or
acrocentric) and the presence, number, and orientation of inversions on one or both X-
chromosome arms'*?’. Here, we find three C(1)M4 strains — Cs10, 1277 and 12555 — that give
rise to X" X* offspring that are less viable and for which the surviving X*X* adults display
bobbed phenotypes; in strain 1277, the phenotype is fully penetrant, and no X*X* females

eclose. The C(1)M4 strain carries multiple inversion, including the w”? inversion that causes
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position-effect variegation of the X-linked white gene, and the FM7 inversion, which on its own
bears three nested inversions. The w”* inversion is adjacent to the rDNA, as is the sc® inversion
present in FM7%122. We hypothesize that the presence of breakpoints in and adjacent to the X-
chromosome rDNA may explain why females carrying C(1)M4, but not those carrying C(1)RM
or C(1)A, have unstable rDNA arrays that lead to rDNA loss.

We previously documented reduced rDNA copy number in strain Cs10 (Figure 2.3), but
our results from strains 1277 and 12555 are more equivocal (Figure 2.4). Strains 1277 and 12555
have about the same number of 78S and 5.8S genes, but 1277 has significantly more copies of
288 than 12555, even though 1277 produces no X*X* progeny. Thus, there is not a direct link
between rDNA copy number and bobbed penetrance in these strains. More intriguingly, 12555
had high copy numbers of R/-associated sequences, and the number of R/ targets exceeds the
number of 288 targets. This suggests that X-linked R/ may be under positive selection, while
288 sequences are lost. This would imply that that R/ (and possibly R2) retrotransposon has a
host function. We are not the first to suggest this, as Hawley and Marcus hypothesized that the
R2 endonuclease function may be required for rDNA magnification in bobbed males by
providing substrates for DNA repair and replication enzymes to increase rDNA copy number?,

There is much evidence demonstrating that the penetrance and expressivity of a

phenotype can be modulated by autosomal background®*?’

, S0 we investigated the role of
genetic background in mediating the C(1)M4-associated bobbed phenotype. The notion that
heterozygous organisms can have increased fitness is not new and a classic example in
Drosophila is the Segregation Distorter (SD) chromosome, a 2" chromosome that preferentially

passes to offspring in a non-Mendelian ratio in male flies. While different SD chromosomes have

different degrees of distortion (k), the same chromosome can display variable £ values when
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placed in different genetic backgrounds. The cause is thought to be the cumulative effect of
many small-effect genetic modifiers located throughout the genome?®.

Similarly, genetic background has been shown to affect regulation of the rDNA locus, as
both male bristle length and development time were significantly associated with genetic
background in a study of Y-chromosome rDNA arrays2’. Copy number of the rDNA locus is also
responsive to changes in genetic background through the non-heritable mechanism of rDNA
compensation. Compensatory replication is a phenomenon observed in X0 males; XY males with
an rDNA-deficient chrY; and XX females with an rDNA-deficient chrX. In these genotypes, the
X-chromosome array increases in copy number in somatic tissues, and in X0 males, the increase
was observed to be dependent on autosomal background?**-3,

We find that in two of the three C(1)M4-carrying strains, bobbed phenotypes could be
rescued by introducing heterozygosity to the X*X/Y mother. X*X/Y females from strain 12555
produced more X*X* females when they were heterozygous, while X*X/Y females from strain
Cs10 produced X" X* females that had increased fertility. However, strain 1277 showed almost
no rescue with heterozygosity, excepting five females produced by 1277/33060 mothers and a
single female produced by 1277/Cs10 mothers. This was somewhat unexpected as the X" X277
chromosome has a large number of uninserted 285 sequences and it was reasonable to expect
that altered regulation of the locus would lead to increased female viability. Our observation that
12555, which we calculated to have all 28S sequences inserted, was amenable to rescue indicates
that the dynamics of rDNA regulation are complex and neither measured copy number nor the
number of functional 28S genes are reliable predictors of X*X* survival. Thus, while rRNA

insufficiency may be the proximal cause for bobbed phenotypes, it is not solely a response to

86



insufficient rDNA. There appears to be a role for IDNA or rRNA regulation in mediating these
phenotypes.

Finally, our observation that the rDNA-deficient Y chromosome Y39 is incompatible
with rDNA-deficient X*X chromosomes in strains Cs10, 1277, and 12555 further supports our
hypothesis that X*X* inviability is linked to insufficient rDNA. In strain Cs10, the presence of
Y39 1s more detrimental to females than no Y chromosome at all: ~30% of the offspring from
the cross X*X/Ycsand X*Y/0 are X" X*, while a cross to X Y39 yields only ~2% X*X/Ysv39
offspring. Yet a non-bobbed X" X/0 female displays no adverse consequences to introduction of
Y39, indicating the XX arrays are capable of expression. The observation that Ysy39 can have a
dominant negative effect when introduced to inversion-carrying X*X/Y females suggests there
are likely factors beyond the 455 operon that contribute to the X*X - Y interaction; indeed, a
repeated sequence in the intergenic spacer region is the site of meiotic pairing between the X and
Y chromosomes in males®'. We hypothesize that the underlying mechanism of XX rDNA loss
may be due to Y-nucleolar dominance, and these observations are compatible with that
hypothesis. Research describing Y-nucleolar dominance note that if the Y chromosome has
insufficient rDNA, X-chromosome arrays can be activated, leading to co-dominance between the
X and Y, or to X-only transcription®’.

Together, our results suggest that there are poorly understood interactions that occur
between inversion-carrying XX chromosomes and a free Y chromosome that specifically alter
rDNA content on the X*X chromosome. The loss-of-Y XX chromosomes show low rDNA
copy numbers, yet have close to wild-type levels of R/ and R2 sequences (relative to copy
numbers in strain 33060). Our observation that heterozygosity in X*X/Y mothers can ameliorate

the effects of low rDNA copy number indicates the expressivity of bobbed phenotypes is
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variable. We hypothesize this could be due to differential regulation of the locus, possibly due to
alterations in heterochromatin content or due to differential expression of transcription-
associated genes such as RNA polymerase 1. A third possibility is that factors involved in rDNA
maintenance, magnification, or compensatory replication are differentially expressed in
heterozygotes and the rescue we observe is due to an increase in rDNA copy number in a single
generation. It will be essential to determine if there are rDNA CN changes in heterozygotes to
distinguish between these possibilities. In sum, our research indicates complex mechanisms

underlying rDNA regulation and trans interactions between the X and Y chromosomes.

Methods

Drosophila maintenance

Flies were raised on 10 mL molasses medium with propionic acid and 10%
methylparaben added as bacteria and mold inhibitors. Strains were reared 23°C and 14-hour light
cycle. Unless otherwise noted, all crosses were carried out with 15 females and 8 males per vial;

adults were discarded at day eight, and offspring were counted for six days.

Outcrossing crosses

We introduced heterozygosity by outcrossing X*X/Y females to males from different
strains. Replicates from independent experiments were pooled to produce an average and
standard deviation for each genotype; the number given in tables is the total number of vials
across all experiments. Flies were counted for seven days. Strains Cs10, 1277, and 12555 contain

the w"* inversion such that females carrying a Y chromosome show wild-type eyes, and females
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without a free chrY (X" X*) have variegating eyes; this allowed for visual confirmation of Y-
chromosome presence without genotyping.

Bristle length was measured using AmScope EP10X30R Super Widefield 10X
Microscope Eyepiece with Reticle (30mm) and calibrated with OMAX 0.01mm Microscope
Camera Calibration Slide. All genotypes had two measurements (of the two posterior
macroscutellar bristles) from at least 10 flies per genotype; the exception is X*X* from

heterozygous X" Xpemni/Y mothers and homozygous X" Xi2555*, which each have 3 flies.

Copy number analysis

All flies were dissected and 5-6 carcasses per genotype collected in either Zymo ZR-Duet
DNA/RNA MiniPrep or in ZR Tissue and Insect DNA MicroPrep. ~14-32 ng gDNA were
digested with HindIII (New England Biolabs) according to manufacturer instructions, except
omitting the final enzyme inactivation step. Depending on starting concentration, the digested
gDNA was diluted 1:2 to 1:12 with water so that all samples had about the same amount of
digested gDNA (maximum ~3-fold difference). Digital droplet PCR reactions were set up with
Bio-Rad QX200 ddPCR EvaGreen Supermix usingl.55 pL of ~0.02 ng/uL digested gDNA per
reaction. The concentration was chosen so that the estimated copies/pL of the single-copy
reference gene and the repetitive locus targets would both fall within the dynamic range of the
QX200 Droplet Reader (0.25-5,000 copies/uL). All samples were run in technical duplicates or
triplicates and the average taken and used to calculate the average and standard deviation of three
biological replicates. The reference gene, maelstrom, is a single-copy gene in the haploid
genome, so rDNA and associated sequence copy number (denoted “genome copy number”) is

determined by multiplying the TARGET/REFERENCE value by 2. If the standard deviation of a
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target copy number was >10%, the largest raw concentration of the technical duplicates selected.
We calculated X*X copy number by the equation X*X CN = X"X/Y CN — (XY CN — X0 CN).
The average of each target for each genotype across the three biological replicates was used in

calculated XX CN. Primers are listed in SI Table 2.1.

Statistical analysis
Unless otherwise noted, all significance was determined with two-sided t-tests, and the

threshold for significance is as follow: * P <0.05; ** P <0.01; *** P <0.001.
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mother: XAX/Y ... XAXY XX XX mother: XAX/Y

1277

SI Figure 2.1: X*X/Y mothers produce male and female embryos. Mated X"X/Y 12555 and X" X/Y 1277 females
produce X*Y/Y and X*X* embryos, even though X~X* offspring do not complete development to adulthood. DNA
from embryos was extracted and targets for two sequences were amplified: ITS1-5.8S (241 bp) is a positive control
to ensure the presence of DNA in the sample, and k15 (108 bp) is a Y-linked gene to identify male embryos.
Asterisks below each well indicate experimental samples that are XAX* females. Positive and negative control
genotypes are in wells 7-9. Well 1 is a 100 bp ladder.
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SI Table 2.1: A list of all primers used in this study.

Target 5'-3' sequence Use
PCR ddPCR

Kl-5 F | tgaggattgcagagtggtat X
R | gtaaaggcttcatttgttcc

ITS-5.8S F | aaaccccataaccaaccaga X
R | cacagtttgctgegttctte

maelstrom | F | accgagagcttgatggaca X
R | gteggtggtcaaggctttag

18S F | ggagagggagcctgagaaac X
R | gecteggatatgagtectg

18S-ITS1 | F | tcgtaacaaggtttccgtagg X
R | gecaagecccacactaacta

5.8S F | actctaggcggtggatca X
R | agtttgetgegttcttecate

5'28S F | tgcctctaactggaacgtac X
R | ccctgacttcaacctgateca

28S-R2 F | acacacagtgttggcagacc X
R | tagatgacgaggcatttggc

3'28S F | ctgatgccgegetagttac X
R | gctcaaccacttacaacacct

R2-A F | agctaatttgagcggcaaaa X
R | aaaggtatccgaggctegtt

R2-28S F | acacacagtgttggcagacc X
R | tagatgacgaggcatttggc

28S-R1 F | gccaaatgectegtcatcta X
R | tettegeactatgtccacga

R1-B F | tacccatatcgcgggtagag X
R | ctgatctctgggtcacagea

R1-28S F | gttgtaatcccttcagtgtgga X
R | cttggctgtggtttegetag
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Abstract

Heavy metals and organic compounds, such as pesticides and plasticizers, exert toxicity
through their ability to perturb molecular mechanisms. While DNA mutagenesis is a well-known
consequence of many toxic exposures, compounds may also exert subtler disruptions to
epigenetic pathways and chromatin structure. Here we investigate the ability of 18 compounds to
modify the epigenetic state of the white locus in a Drosophila model of position-effect
variegation (PEV). PEV occurs when heterochromatin expands into a euchromatic region and
inhibits transcription at the locus. Our data indicate that magnesium sulfate, the herbicide TCDD,
and the water contaminant mixture 1,2-dibromo-3-chloropropane — 1,2-dibromoethane suppress
variegation, while cadmium chloride, lithium chloride, and the pesticide 2,4,5-
trichlorophenoxyacetic acid are potent enhancers of variegation. The silencing by CdCl> was
especially pronounced. Further analysis of CdCl: indicates that only X-linked white
chromosomal rearrangements variegate, while autosomal and Y-linked transgenes were
impervious to CdCl,. We also investigated response to CdCl, in the brownP’""#" PEV system,
which variegates via trans interactions in the nucleus rather than cis heterochromatin spreading.
In this system, we also see enhanced variegation after CdCl, exposure. We demonstrate that
genes differentially expressed upon CdCl, exposure are enriched for genes that have
heterochromatic states associated with them. Finally, we demonstrate a role for histone
deacetylase enzymes, particularly HDAC4, in establishing CdClx-induced PEV. Together, these
results indicate that multiple compounds found in the environment can induce PEV, with gene
silencing likely mediated by heterochromatin expansion in a HDAC-dependent manner. These

alterations, however, may be specific to heterochromatin type and location within the genome.
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Introduction

Environmental exposure to metals and organic compounds (OCs) is ubiquitous. Arsenic,
for example, is present naturally in the drinking water of many populations, including those of
the United States, Peru, and Bangladesh!~. Lithium is found in brines and lakes throughout the
world and its salts are used for treating depression and other mood disorders*°. Zinc is also
commonly found in water, as well as in food via uptake from the soil®.

In the United States, the safety of these and other chemicals is evaluated by the Food and
Drug Administration and the Environmental Protection Agency, based on a range of prescribed
toxicity tests’. These tests broadly evaluate the potential for a substance to induce
carcinogenesis, mutagenesis, neurotoxicity, reproductive toxicity, or developmental toxicity?®.
However, toxicity could also manifest as the perturbation of epigenetic states in the genome,
with downstream consequences on gene expression and phenotypes. Specifically, we propose
that the epigenotoxic potential of environmental compounds presents an important yet
overlooked pathway by which exposure can modulate complex diseases in the absence of
genotoxicity: the cumulative effects of small-magnitude chromatin structure and gene expression
changes may manifest as diseases with unknown etiologies. Epidemiological studies have linked
environmental exposures to adverse and complex health outcomes ranging from atherosclerosis
and cardiovascular disease to impaired cognitive development and cancer''"1°. Identifying and
understanding a role for altered epigenetic modifications in the pathogenesis of complex diseases
can better inform their treatment and prevention.

Many compounds considered toxic are already known to alter chromatin conformation.
Arsenic and nickel exposure have been shown to both increase and decrease histone acetylation,

and the latter also alters di- and mono-methylation (reviewed in '°). The pesticides
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dichlorodiphenyl-trichloroethane (known as DDT) and vinclozolin have been associated with
DNA methylation changes, while paraquat and dieldrin have been linked to histone
modifications (reviewed in '7). Cadmium exposure has been associated with chromatin
condensation in rat lung epithelial cells'®; with DNA hypermethylation in eel, rat, and human cell
lines!2%; and with altered histone modifications in human urothelial cells, including at the
metallothionein 3 promoter, responsible for metal homeostasis and reactive oxygen species
protection® 23,

Due to widespread environmental and anthropogenic exposure, cadmium has been the
focus of numerous toxicological experiments. Population-wide exposure to cadmium occurs
through events such as fossil fuel combustion, forest fires, and through uptake from soil in foods
such as potato, rice, and other grains after activities like mining disperse the metal in the
environment?®?’. Occupational exposures can stem from electroplating, smelting, and the
manufacture of batteries, paints, plastics, and electronics; the predominant lifestyle exposure is
via cigarette smoking or second-hand smoke exposure?®?°. Despite decreasing industrial use in
the United States and European Union, cadmium exposure remains a public health concern due
to high absorption, long half-life, and tissue-specific persistence. The amount absorbed by the
human body ranges from 3-50% depending on mode of exposure, and the estimated half-life is
15-20 years. Consequences of cadmium exposure have been well established via in vitro and in

273033 "and it is classified as a

vivo molecular studies, as well as from epidemiological studies
human carcinogen by the International Agency for Research on Cancer’*.
We evaluated the potential for cadmium chloride and other compounds to alter chromatin

mottled4 (W

conformation in Drosophila melanogaster using the classic white "%) model of position-

effect variegation (PEV). In w"™/ PEV, the white gene for red eye color is moved from its native
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X-chromosome euchromatic position to another euchromatic location near the heterochromatic
X-chromosome centromere. Stochastic expansion of the heterochromatin (“variegation™) into the
white locus can silence the gene, and the result is an eye with varying numbers of pigmented and
unpigmented eye segments. We evaluated 18 compounds for enhancer- or suppressor-of-
variegation capabilities and found three compounds that enhanced variegation (increased
heterochromatin at white) and three compounds that suppressed variegation (decreased
heterochromatin at white). Cadmium chloride was the most potent enhancer of variegation, and
we investigated the parameters and mechanism of CdCl-induced variegation more closely. We
found that white only responds to CdCl, exposure in the w™* system, and white-variegating
transgenes in other genomic locations were impervious to cadmium-induced silencing. We also
found coherent gene expression pathways altered, notably immune and stress response, and we
found an enrichment for differential expression of heterochromatin-associated genes. Finally, we
demonstrate a role for histone deacetylases in establishing CdClz-induced white silencing. We
postulate that widespread but locus-specific heterochromatin changes are a common molecular

response to exposure to many metals and organic compounds.

Materials and Methods

Drosophila stocks and crosses

The wild-type Drosophila red eye requires synthesis of red, yellow, and brown pigments.
The gene white produces a protein necessary for the transport of all three pigments; brown
produces a protein necessary only for the transport of red and yellow pigment; and vermillion
produces a protein necessary for brown pigment synthesis*>=®. In Drosophila, position-effect

variegation at the white locus occurs when a chromosomal inversion moves the gene from its
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native X chromosome position to a location in cis near the pericentromeric rDNA
heterochromatic region®’ . This system is collectively known as “white mottled” and strains

m4h (here denoted w"#"), a strongly

bear a w” designation. We use a strain carrying In(1)w
variegating allele of the w™ inversion. The inversion is maintained in a background with a
heterozygous Su(var)3-10 loss-of-function mutation such that flies display a wild-type eye.
Removal of the Su(var)3-10 mutation via outcrossing reveals the variegating phenotype. We
define w"*'-carrying males without the Su(var)3-10 mutation as “PEV-phenotype males” (SI
Figure 3.1). The X-chromosome variegating strain In(1)w™* w™# (denoted w"#) is another
strongly variegating w" allele*!.

Drosophila Y-chromosome lineages can act as either enhancers or suppressors of
variegation (E(var)s and Su(var)s, respectively)***. Here we used two strains with identical
autosomal and mitochondrial backgrounds, but different Y chromosomes, either Ycs or Ycongo.
The variable Y chromosomes set the basal level of heterochromatin at different thresholds in
w™_carrying genotypes. Toxicants that act as e(var)s can be identified because they trigger a
decrease in red pigment in the red-eyed Ycs strain, while toxicants acting as su(var)s trigger an
increase in red eye pigment in the white-eyed Ycongo strain. We here use lowercase stylizing of
e(var) and su(var) to indicate a non-genetic effect.

All strains are listed in Table 3.1. The X chromosome variegating strain In(1)w"*";
Su(var)3-10°/TM3, Sb' Ser! is from Bloomington Drosophila Stock Center (#6175); X
chromosome variegating strain In(1)w™, w"# was a gift from Steven Henikoff and Paul Talbert;
autosomal variegating strains 39C-2, 39C-4, and 118E-10 were gifts from Lori Wallrath; Y

chromosome strain 39C-66 was a gift from Sarah Elgin; and Y chromosome strain HA-1925 was

a gift from Matthias Schaeffer. The E(var) and Su(var) Y chromosomes Ycs and Ycongo are
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from Canton-S and from the Democratic Republic of Congo populations, respectively, and were

introgressed into an isogenic background (y!; bw!; €’; ci’ ey®, BDSC #4361

Table 3.1: Variegating white strains used in this study.

)43 )

. white reason for chromatin at white
strain . . . . P-element construct
location variegation location
m4h. o
77{3:”5[); :Zr(var)3 20¢ X w™ inversion rDNA-adjacent n/a
In(1)w™, wm4e X w™ inversion rDNA-adjacent n/a
39C-2 2R P-element insertion  pericentric P(hsp26-pt, hsp70-w)
39C-4 2L P-element insertion  pericentric P(hsp26-pt, hsp70-w)
118-E10 4 P-element insertion  pericentric P(hsp26-pt, hsp70-w)
. . tel ; HeT-A
39C-66 Y P-element insertion oo o Ne P(hsp26-pt, hsp70-w)
retrotransposon
-tel o 4
5-HA-1925 Y P-element insertion sub-telomere; Invader P(RS5)

Exposure assays and PEV analysis

retrotransposon

All flies were maintained for several generations at 23°C and 14h light/10h dark cycle.

Flies were reared on BDSC cornmeal food modified to use 2500 g sucrose substituted for corn

syrup, and propionic acid and/or Tegosept added as a mold inhibitor. Metals or organic

compounds in solution were added to aliquots of food after all other ingredients, mixed using a

metal spatula and poured into vials. 2,4,5-TAA and vinclozolin were dissolved in chloroform,;

DBCP-EDB was provided in methanol; TCDD was provided in toluene; and all other

compounds were dissolved in water. A chloroform-only control and a methanol-only control

were also set up, and found not to affect PEV or any other phenotypes. Experiments were carried

out in vials containing ~10 mL food. Chemical concentrations were selected based on literature

for use with Drosophila, or estimates were created based on concentrations used with other
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organisms. We recognize that incorrect dosage used in screens may have given high toxicity for
some compounds, while low doses may not have been sufficient for us to identify
heterochromatin-altering compounds.

HDAC inhibitor doses were based on published data and our own observations. The PBA
doses 5.7 mM and 12 mM were chosen due to minimal toxic effects in w///% and Canton-S D.
melanogaster adults**; we observed near complete lethality at 25 mM. We selected TSA
concentrations of 5 uM and 10 uM based on previous research in adult flies showing minimal
toxic effects at 5 uM and LDs at 10 uM*. In our fly strains, we observed minimal effects on
viability at the 10 uM TSA and found complete lethality at 20 uM. We tested niacin at 20 mM*
and 80 mM, neither of which showed adverse effects on viability in our niacin-only control. We
determined an appropriate dose of LMK-235 and Tasquinimod by finding research that used
either of these compounds as well as TSA. We scaled the dose of LMK-235 or TasQ to reflect
the scaled dose of TSA and selected 7 uM LMK-235 and 35 pM TasQ*" .

Virgin females carrying w™# were crossed to either Ycs or Ycongo males at ~1:1 ratio on
normal food for 2-3 days. Mated females (10-15 individuals) were transferred to vials containing
treatment or control food. PEV-phenotype male offspring were collected daily for 4-5 days, aged
for 24 hours, and flash-frozen in liquid nitrogen. For autosomal and Y-chromosome variegating
strains, females from maintained stock populations were placed directly on food.

We used a five-category scale to score PEV (Figure 3.1A). For the screen of 18
compounds, flies were frozen, photographed, and eyes individually scored from photographs.
Average sample size in the screen was 26.58 eyes per treatment and median was 20 (range 14-66
eyes); for controls, 222 Ycongo eyes and 182 Ycs eyes were scored. We evaluated eye-color

change in one direction only, so P-values were calculated using a one-sided Wilcoxon rank-sum
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test with a Bonferroni correction in R. Variegating strains 39C-2, 39C-4,118E-10, 39C-66 and
HA-1925 were visually assessed for changes in eye color compared to controls. For all
remaining CdCl, exposures and dose-response screens, fly eyes were scored individually during
collection.

Eye pigment was assessed by removing the heads from frozen flies and placing one head
per well in an 8-well PCR strip containing 10 pL 30% acidified ethanol, pH 2. Heads were
incubated 24-48 hours and 1.5 pL of each solution was used to determine absorbance at 480nm
on Thermo Scientific Nanodrop 2000 with a background correction of 750 nm. Each treatment
per genotype had 4-8 replicates. Significance was determined on mean values with linear

regression in Excel on either untransformed data or log-transformed y-axis (absorbance) data.

Gene expression

Flies were raised on control or 0.4 mM CdCl: food and new males carrying Ycs or
Ycongo chromosomes were collected and aged for 48 hours. Total RNA was extracted with
TRIzol (Life Technologies) and cDNA probes hybridized against an array spotted with ~18,000
features primarily from PCR products designed for single exons. Probe synthesis and
hybridization conditions were carried out using 3DNA protocols and reagents (Genisphere).
Microarray slides were scanned with an Axon 400B scanner (Axon Instruments) and the data
extracted with GenePix Pro 6.0 software. Two-channel microarrays were used with balanced
dye-swaps and the expression signal from each treatment/genotype combination was collected
from four distinct slides.

Differential expression was assessed using the R/Bioconductor package limma>°. We

used the normexp method for background correction and the robustspline and Aquantile methods
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for within- and between-array normalization, respectively. We used ImFit() to fit a linear model
to each gene in the two-color arrays. We made contrasts between Ycongo CdCl; and Ycongo
control, and between Ycs CdClrand Ycs control. We selected as differentially expressed genes
with a P-value < (.01 and false discovery rate threshold of 15%. Gene ontology terms were
obtained from FlyMine®!' and the Gene Ontology Consortium (release 20171205)>274,

All expressed gene probes were converted to current FlyBase ID numbers using the ID
converter (FB2018 02). Any discrepancies between the number of DE probes and DE genes is
due to updated annotations where either a single microarray probe covers multiple genes, or
there are multiple probes for the same gene.

For chromosome clustering, we calculated the number of significant genes for each 2-Mb
sliding window, with a step size of 1 Mb. The 95% confidence intervals were determined
through a randomization approach. Specifically, for each of 1,000 iterations, we randomly
assigned a subset of expressed genes as significant (equal to the number of genes that were
indeed significant), and the number of such pseudo-significant genes in each sliding window was
counted similarly as above. For each sliding window, 1,000 numbers were obtained through
iteration, and the 2.5% and 97.5% quantiles were then considered the lower and upper
boundaries of the 95% confidence interval.

155

The genomic coordinates of the 9-state model defined by Kharchenko et al>> were

downloaded from https://compbio.hms.harvard.edu/kharchenko-et-al-nature-2011. We collapsed

the 9 states into two categories, either euchromatic (states 1-5) or heterochromatic (states 6-9).
We assigned all measured (expressed) genes into the euchromatic or heterochromatic category

based on the collection of states assigned to the gene body. Genes comprising multiple states
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usually contained all euchromatic or all heterochromatic states; if a gene comprised states of both

euchromatic and heterochromatic origin, the gene was excluded from analysis.

Chemicals

1,2-dibromo-3-chloropropane — 1,2-dibromoethane (DBCP-EDB) mixture was purchased
from Ultra Scientific (Kingston, RI) and VWR (Radnor, PA). 2,3,7,8-tetrachlorodibenzodioxin
(TCDD); 2,4,5-trichlorophenoxyacetic acid (2,4,5-TAA); and 2,4,5-trichlorophenoxyacetic acid
methyl ester were purchased from Chem Service (West Chester, PA). TCDD was also purchased
from Sigma (St. Louis, MO). 2,4,5-trichlorophenol and diethylstilbestrol were purchased from
SPEX CertiPrep (Metuchen, NJ). Aluminum chloride anhydrous and dioctyl phthalate were
purchased from Acros Organics (New Jersey, USA). Aluminum nitrate was purchased from Cole
Parmer (Vernon Hills, IL). Cadmium chloride hemipentahydrate, copper (II) nitrate
hemipentahydrate, lead (II) acetate trihydrate, manganese (II) sulfate monohydrate, nickel (II)
sulfate hexahydrate, and zinc acetate dihydrate were purchased from Alfa Aesar (Ward Hill,
MA). Chromium trioxide was purchased from J. T. Baker Chemicals (Center Valley, PA).
Cupric sulfate 5-hydrate was purchased from Mallinckrodt Chemicals (Phillipsburg, NJ). Iron
(IT) sulfate hydrate and vinclozolin were purchased from Santa Cruz Biotechnology (Dallas, TX).
Lithium chloride was purchased from Crystalgen (Commack, NY). LMK-235 and Tasquinimod
were purchased from Ark Pharm (Arlington Heights, IL). Magnesium sulfate was purchased
from Strem Chemicals (Newburyport, MA). Niacin was purchased from BulkSupplements via
Amazon.com. Nickel chloride was purchased from Aqua Solutions (Deer Park, TX). Sodium

arsenite was purchased from Ricca Chemical Company (USA). Sodium phenylbutyrate and
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trichostatin A were purchased from ApexBio (Houston, TX). Trichostatin A was also purchased

from Sigma (St. Louis, MO).

Data availability
Microarray data from this study is available from the National Center for Biotechnology

Information (NCBI) GEO under the accession number GSE118536.

Results

Multiple compounds can enhance or suppress variegation

Genetic screens in Drosophila have identified hundreds of genes that can act as
enhancers or suppressors of variegation by altering the balance of heterochromatin and
euchromatin in the genome®® 38, In position-effect variegation, the DNA sequence of a gene at a
euchromatin-heterochromatin boundary remains unchanged, but its expression is modulated by
the expansion or contraction of neighboring heterochromatin. We here use two Y-chromosome
strains that have opposite effects at the white™ locus: Ycongo is a known enhancer of
variegation and Ycs is a suppressor of variegation*?. We crossed w™# virgin females to males
carrying either Ycs or Ycongo, such that F1 males carrying the w”#" inversion and Ycs have red
eyes, while males carrying w™# and Ycongo have white eyes.

A change in eye color is a simple method for identifying compounds that alter
heterochromatin at the white locus. We selected 18 compounds to screen for e(var) or su(var)
properties. For each compound, we assessed whether it has the potential to cause white eyes to
turn red, or red eyes to turn white. We scored variegation on a scale of 1-5, from white to red
(Fig 3.1A). We found four compounds that significantly enhanced variegation in Ycs and two

compounds that significantly suppressed variegation in Ycongo (Table 3.2; Figure 3.1B; SI
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Table 3.1). In Ycs, lithium chloride (P = 3.05 x 107'%), 2,4,5-TAA (P = 8.71 x 10'%), cadmium
chloride (P = 5.16 x 107'?), and vinclozolin (P = 7.57 x 10°®) exposures had significantly whiter
eyes than control flies; in Ycongo, magnesium sulfate (P =7.71 x 10#) and TCDD (P =3.13 x
10"*) had significantly redder eyes than control (Figure 3.1C). We also noted, however, DBCP-
EDB seemed to also have redder eyes than control, although the difference was not statistically

significant.
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Figure 3.1: Chemical exposure can increase or decrease PEV in male D. melanogaster eyes. (A) Representative
eyes for eye color scale. (B) Distribution of eye color scores in In(1)w"#/Ycs and In(1)w"#"/Ycongo genotypes after
chemical exposure. The y-axis is the percent of eye scores that fall into the indicated score groups in the legend.
Asterisks indicate significance at Bonferroni-corrected P < 0.05. (C) Representative eye photos of compounds that
altered white expression.
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Figure 3.1 (continued)
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Table 3.2: P-values and concentrations used in screen of 18 compounds. Asterisks indicate compounds
significant using a one-sided Wilcoxon rank-sum test at o = 0.05 (P < 0.003 with Bonferroni correction for multiple
comparisons).

Compound Ycs P-value Ycongo P-value Conc::::ation
’E;ﬁ:g:;zi;})ﬂorophenoxyacetic acid %871 x 10-14 0970 13 mM
ey | 00% osts|oom
Aluminum chloride 1 0.988 4 mM
*Cadmium chloride *5.16 x 10-12 0.988 0.4 mM
Chromium trioxide 0.972 0.775 0.3 mM
Copper nitrate 0.158 0.904 0.4 mM
Cupric sulfate 0.665 0.420 0.4 mM
oy e 12 |0 o5 | oawn
Diethylstilbestrol (DES) 0.331 0.431 6.2 uM
*Lithium chloride *1.04 x 106 0.576 10 mM
*Magnesium sulfate 0.352 *7.71x 104 40 mM
Manganese sulfate 0.406 0.885 1 mM
Nickel chloride 0.053 0.464 3mM
Nickel sulfate 0.015 0.167 3mM
Sodium arsenite 0.875 0.985 0.2 mM
*TCDD 0.775 *3.13 x 10 51 nM
*Vincolozolin *7.57 x10° 0.690 1.1 mM
Zinc acetate 0.127 0.238 12 mM

We selected 2,4,5-TAA, cadmium chloride, lithium chloride, DBCP-EDB, and
magnesium sulfate for validation with a dose-response curve (3-7 concentrations per exposure).
We measured eye pigment absorbance and found high correlation between exposure dose and
absorbance (R? > 0.90); 2,4,5-TAA, DBCP-EDB, and magnesium sulfate had a linear
relationship, while lithium chloride and cadmium chloride show an exponential relationship
between dose and absorbance (Figure 3.2A). In almost all cases, we find a significant dose-
response relationship between increasing dose and either increasing or decreasing red pigment,

after fitting a linear regression model for each compound (Table 3.3; y-axis values were log-
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transformed for CdCl» and LiCl). The one exception was 2,4,5-TAA, which had only two
exposure doses, and was a non-significant e(var) (P = 0.18). We noted the effect of CdCI» was
especially marked: at even small doses, the decrease in red pigment was pronounced (Figure
3.2B). Additionally, the e(var) effect was apparent in the male siblings carrying a Su(var)
mutation, which should preserve wild-type red eye pigment. Linear regression of eye pigment in

Su(var)3-10/+ heterozygotes at the same CdCl> doses used above was also significant (P =

0.001) (Figure 3.2B).
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Figure 3.2: Chemical exposure enhances or suppresses PEV in a dose-dependent manner. (A) Exposure to
increasing doses of 2,4,5-TAA and lithium chloride enhances variegation, while increasing doses of DBCP-EDB and
magnesium sulfate suppresses variegation. (B) Cadmium chloride caused enhanced variegation in both in PEV-
phenotype males and in males heterozygous for the loss-of-function Su(var)3-10 mutation (see SI Figure 3.1 for cross
diagram). All trendlines are fit with a linear model, except LiCl and CdCl,, which are fit with an exponential trendline.
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Table 3.3: Compounds and concentrations tested in dose-response curves. Statistical significance determined by
linear regression.

Dose 1 Dose 2 Dose 3 Dose 4 Dose 5 Dose 6 P-value

2,4,5-TAA 490 pM 625 uM 0.179
e(var) | CdClz 0.025mM | 0.05mM | 0.1 mM 02mM | 025mM | 0.4 mM < 0.0001

LiCl 2.5mM 5mM 7.5 mM 10 mM 12.5 mM 0.004

DBCP-EDB | 0.78 uM 1.17 uM 1.56 uM 2.34 uyM | 3.51 yM 0.003

su(vars) :
magnesium | 40 mm 80mM [ 120mM | 160 mM 0.008
sulfate
white is not responsive to cadmium chloride at other genomic loci

Given the large effect of CdCl, exposure on eye color in flies carrying the w™#" inversion,

we investigated the potential for other white variegating strains to respond to CdClz exposure.
We tested five strains containing white transgenes at autosomal and Y-chromosome
euchromatin-heterochromatin boundaries, all of which used P-element insertions to place white
in an alternate genomic location (Table 3.1). There are many combinations of protein and RNA
components in heterochromatin, and the structure varies by genomic location. The specific
combinations of histone modifications, heterochromatin-associated proteins, and RNAs
differentiate the heterochromatin at telomeres, centromeres, the fourth chromosome, and the Y

chromosome®® !

. Thus, it is reasonable to expect that some whife transgenes would not respond
to CdClz exposure.

Males from strains carrying white transgenes have variegating eyes under normal
conditions. Since most of these strains variegate under normal conditions, we did not cross
females to Ycs males, but instead let females mate to males of the same stock. As a positive
h

control, we also included w"#, a variant of w”#" that originated from the same inversion as w"*

but has been maintained in an alternate background for more than a decade.
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When mated females from these strains were placed on food containing 0.25 mM CdCla,

mde

only male offspring carrying w"*¢ showed enhanced variegation, and no autosomal or Y-inserted
strains showed changes (Figure 3.3). Thus, this data suggests that cadmium modulation of

heterochromatin-euchromatin boundaries may depend on the heterochromatin type in which

white 1s located.

Chromosome X Chromosome 2L Chromosome 2R
(pericentric) (pericentric) {pericentric)

Control CdcCl, Control Cdcl, Control CdcCl,
in(1)we In(1)wde 39C-4 39C-4 39C-2 39C-2
Chromosome 4 Chromosome Y Chromosome Y
(pericentric) (telomere) (subtelomere)

Control Centrol CdCl, Control CdCl,
118E-10 39C-66 39C-66 HA-1925 HA-1925

Figure 3.3: Only w™ variants respond to CdCl: exposure. None of the autosomal variegating strains showed
enhanced variegation upon CdCl, exposure, while the w”# variant w” showed a similar response as w”#. (Note that
HA-1925 does not variegate under normal conditions, but variegation can be induced by introducing a E(var)
mutation.)
Cadmium chloride exposure alters gene expression

We hypothesized that CdCl» exposure could alter gene expression globally and used
microarrays to investigate genome-wide responses. We investigated gene expression in w”*"/Ycs

and w™#"/Y congo males exposed to 0.4 mM CdCl; or to control food and found 389 genes

differentially expressed (DE) (SI Table 3.2). Ycongo significantly differentially expressed 335
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genes (191 up-regulated and 144 down-regulated) and Ycs significantly differentially expressed
123 genes (87 up-regulated and 36 down-regulated). The two genotypes share 50 up-regulated
genes and 17 down-regulated genes, and 5 genes were discordantly DE. We were surprised to
note that most genes showed modest fold-changes: of 278 gene-associated probes that were up-
regulated, the median fold-change (FC) was 0.57 and the average was 0.70. There were 180
gene-associated down-regulated probes, with a median FC of -0.47 and average FC of -0.59 (SI
Table 3.3).

We used the PANTHER Overrepresentation Test with complete function annotations to
identify enriched gene ontology (GO) terms (SI Table 3.4). At a Bonferroni-corrected
significance threshold of 0.01, we found coherent and significant physiological responses.
Significant up-regulated terms included those for immune response, stress response, and
peptidase activity, while terms for gene expression and nucleic acid were down-regulated.

Our white transgene data indicated that heterochromatic environment may dictate
whether genes respond to CdCl, exposure, so we asked whether any chromosomal loci were
enriched for DE genes. We calculated and plotted the number of significant DE genes in a 2-Mb
sliding window with a step size of 1 Mb to identify regions enriched for DE genes (Figure 3.4).
We found four loci that contain DE genes exceeding the number predicted by the 95%
confidence interval. Only one locus, however, contained genes enriched for any GO terms: the
cluster on chromosome 3R contains terms including transition metal ion transport; iron ion

homeostasis; and humoral immune response.
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Figure 3.4: Differentially expressed genes are distributed throughout the genome. With a few exceptions,
CdCl,-induced DE genes are not localized to specific genomic loci. The few exceptions, indicated with an asterisk,
contain no enrichment for gene ontology categories except for the cluster on chromosome 3R, which is enriched for
metal ion and immune response terms. The distribution of significant genes in each window is shown in black and
95% confidence intervals in grey.
DE genes are enriched for heterochromatin-associated genes

Although we did not find extensive clustering of DE genes, it is possible that genes in or
adjacent to globally distributed heterochromatin are responsive to CdCl, exposure. We tested this
hypothesis using Kharchenko et al’s 9-state model of the D. melanogaster genome™. This
dataset partitions the genome into 9 states based on the combination of histone modifications and
non-histone proteins present. Features such as promoter, intron, exon, and dosage-compensated
X-chromosome genes, for example, are each delineated by specific combinations of enriched or

depleted histone modifications. In this way, one gene will often have multiple states within it.

States 1-5 are generally associated with euchromatin and states 6-9 with heterochromatin. We
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categorized genes as either euchromatic or heterochromatic based on states present in the DE
gene’s genomic coordinates. The states within a gene are usually concordant and are all
euchromatin-associated or all heterochromatin-associated. Genes that contained both
euchromatin- and heterochromatin-associated states were excluded from analysis.

We first compared the distribution of heterochromatic and euchromatic genes in the DE
set compared to the background set of expressed genes, regardless of whether the DE genes were
up- or down-regulated. The set of DE genes contains 200 euchromatic genes and 129
heterochromatic genes, while the set of all expressed genes contains 2,845 euchromatic genes
and 1,059 heterochromatic genes (Table 3.4). We found the number of euchromatic vs.
heterochromatic genes between the two sets to be significantly different (chi-square test P = 2.81
x 10°%), with the DE set containing relatively more heterochromatic genes than the background

set (39% vs. 27%).

Table 3.4: Distribution of heterochromatic and euchromatic genes. The number of heterochromatic and
euchromatic genes in the background set of all expressed genes and in the set of genes differentially expressed after
CdCl, exposure. There is a significant difference in the number of euchromatic vs. heterochromatic genes in the two
sets (chi-square test P = 2.81 x 10®). DE genes were subdivided into up-regulated and down-regulated genes; there
is a significant difference in the number of euchromatic and heterochromatic genes between the two sets (chi-square
test P =0.02). The number of genes containing states designated both euchromatic and heterochromatic are listed in
grey and are not included in the analysis.

Background DE Up-regulated Down-regulated
Euchromatic 2,845 200 127 74
Heterochromatic 1,059 129 65 64
Dual-state 695 58 36 22

It is possible that one state is driving the heterochromatin enrichment in the DE gene set.
We compared the number of genes associated with states 6, 7, 8, or 9 in the DE set to the number
of associated states in the background set, but found no significant difference in the distribution

of states (chi-square test P = 0.26). Finally, we hypothesized that the DE euchromatic genes may
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be differentially expressed due to proximity to a heterochromatic region. We determined the
distance to the nearest heterochromatic state from either the gene start or end, whichever was
smaller. We compared the distribution of distances in the DE set to the background set using the
Wilcoxon rank sum test and found no significant difference (median distance DE: 6,168 bp;
median distance background: 5,718 bp; P = 0.55).

Grouping all DE genes together may obscure direction-specific changes, so we next
looked at up- and down-regulated genes separately. Of the 160 down-regulated nuclear genes,
there were 74 euchromatic and 64 heterochromatic genes; of the 228 up-regulated genes, 127 are
euchromatic and 65 are heterochromatic. The distribution of euchromatic and heterochromatic
genes in the two data sets is significantly different (chi-square test P = 0.02). The up-regulated
set has relatively more euchromatic genes than the down regulated set (66% euchromatic vs.
54%, respectively). This supports a hypothesis that up-regulated genes are largely part of an
active cellular response while down-regulated genes are primarily driven by global
heterochromatin expansion and silencing.

When we compare the distribution of individual heterochromatic states in the up-
regulated and down-regulated data sets to the background set, we again find no significant
difference in the number of genes in states 6, 7, 8, and 9 (up-regulated vs. background chi-square
test P =0.21; down-regulated vs. background P = 0.44). We also find no difference in the
number of genes in each heterochromatin state when comparing the up-regulated set to the
down-regulate set (chi-square P = 0.53). Finally, we find no significant difference in the distance
of up-regulated or down-regulated euchromatic genes to a heterochromatin boundary (up-

regulated median distance 5,272 bp vs background median distance 5,719 bp, Wilcoxon rank-
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sum P = 0.91; down-regulated median distance 8,719 bp vs background median distance 5,719
bp, Wilcoxon rank-sum P = 0.22).

Together, this data suggests that CdCl, exposure causes differential expression of genes
that are part of coherent cellular pathways such as stress and xenobiotic responses, as well as a
global down-regulation of genes preferentially affecting those comprising a heterochromatic
state. We thus propose that our earlier observation of reduced white expression in response to

CdCl, expression at w"* can be generalized to gene silencing at other genomic loci, as well.

br OwnDominant

responds to cadmium chloride exposure

Since genes containing a heterochromatic region were more likely to be differentially
expressed than strictly euchromatin-associated genes, we tested another model of PEV in which
a heterochromatic segment is inserted into a euchromatic gene. brown?""* (byP) is a dominant
PEV mutation that originated from the insertion of a block of pericentric heterochromatin into
brown on chromosome 2R%%, Unlike the white™""*¢ PEV system, the variegated inactivation of
brown emerges from its spatial localization in the cell nucleus. Heterozygous bw”/bw™ flies
display a brown-eye phenotype despite the wild-type bw allele due to trans inactivation of the
wild-type allele via homologous pairing®®®. The strain we used, bw”/Cy0; v*¥, also carries a
vermillion mutation, which, in conjunction with silenced brown expression, produces white-eyed
flies. Although males carrying bw”/CyO; v*¥/Y normally display white eyes, the Ycs
chromosome appears to suppress variegation so that bw”/CyO; v*¥/Ycs flies have brownish-pink
eyes.

We tested whether 0.25 mM CdCl> would enhance variegation at the brown locus. We

crossed virgin bw?/CyO; v*¥ females to Ycs males and found male offspring carrying bu”
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displayed completely white eyes (Figure 3.5). This further suggests that CdCl» exposure acts on

multiple loci in the genome, but the effect is limited to specific heterochromatin types and

genomic arrangements.

Control Cadmium Chloride
0.25 mM
bw?/CyO; v bwP/CyO; v

Figure 3.5: Males carrying brownP°""e" and vermillion mutations show enhanced variegation after CdCl.
exposure.
HDAC inhibitors can rescue CdClz-induced variegation

Environmentally initiated heterochromatin expansion could be mediated by histone-
modifying enzymes. Lack of acetylation, for instance, is a common feature of genomic segments
that are primed for silencing. Deacetylated histones have an increased positive charge that
strengthens histone tail-DNA interactions and blocks access to transcriptional machinery®’. We
hypothesized that inhibiting histone deacetylases (HDACs) could prevent silencing and thus
suppress PEV, causing an increase in red eye pigment. To test this, we added the HDAC
inhibitors sodium phenylbutyrate (PBA); trichostatin A (TSA); and niacin to food containing
0.25 mM CdCl. Previous research in Drosophila S2 cell lines demonstrated all three compounds
selectively inhibit HDAC activity in a subset of the six HDAC proteins assayed®® (Table 3.5). As
with previous exposures, we crossed w"#-carrying females to Ycs males, and scored eye color in

male offspring displaying the PEV phenotype.
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Table 3.5: HDAC inhibitors and their targets. Target information is from D. melanogaster S2 cells®®. Information
on inhibitor function against HDAC11 was not available.

HDAC Class
| ITA IIB 111 v
HDACI1/Rpd3 | HDAC3 | HDAC4 | HDAC6-S | HDAC6-L | Sirtuins | HDACI1
Trichostatin A X X X X # n/a
Sodium
phenylbutyrate X X X X # n/a
Niacin X n/a
# Slight inhibition

We used two concentrations of PBA, 5.7 mM and 12 mM. We found no difference
between CdCl> with and without 5.7 mM PBA (one-sided Wilcoxon rank-sum test P = (0.273),
and a slight though significant difference at 12 mM (P <0.001) (Figure 3.6; SI Table 3.5). We
also used two concentrations of TSA, 5 uM and 10 uM, and found both concentrations
significantly suppressed white silencing (one-sided Wilcoxon rank-sum test P < 0.001 for CdCl,
vs CdCl2+ 5 uM TSA and for CdClz vs CdCl2+10 uM TSA). Finally, we tested two
concentrations of niacin, 20 mM and 80 mM, and found no change in eye color at either dose
compared to the CdClz-only controls (20 mM one-sided Wilcoxon rank-sum test P = 0.270; 80

mM P = 0.340).

123



With cadmium
chloride

CdCl, CdcCl, + CdcCl,+ CdCl, + CdCl,+ CdCl,+
FBA TSA niacin LMK- 235 TGSQ
Without cadmium
chloride
control PBA TSA niacin LMK-235 TasQ

1-2
m3-5
=

Figure 3.6: HDAC inhibitors can rescue enhancement of PEV in CdCl:-exposed flies. (A) Representative eyes
from 0.25 mM CdCl, + HDAC inhibitor, and their relevant controls, are shown. HDAC doses shown are 12 mM
PBA; 80 mM niacin; 10 uM TSA. TSA displayed a pronounced su(var) effect, while PBA and niacin had small to
no su(var) effects. (B) Distribution of eye color scores in control CdCl; flies and HDAC inhibitor-reared flies.
Experiments were done over a period of multiple months so CdCl,-only control data for each experimental set is
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Figure 3.6 (continued) also shown. The y-axis is the percent of eye scores that fall into the indicated score groups
in the legend. The median score for each exposure is shown within each bar.

The dramatic response of TSA prompted us to look at the potential for an individual
HDAC enzyme to mediate CdCl-induced enhancement of variegation. We note that TSA is the
only inhibitor tested to inhibit HDAC4. Thus, we obtained two pharmaceutical compounds that
are more specific inhibitors of HDAC4 in humans. LMK-235 inhibits HDAC4 and HDACS (the
latter of which does not have a Drosophila homolog) by interacting with a catalytic zinc ion in
the enzymes®. Tasquinimod (TasQ) allosterically binds a zinc binding domain on HDAC4,
which locks the enzyme in a conformation that prevents HDAC complex formation*’. At 7 uM
LMK-235 and at 35 pM TasQ, we were surprised to see increased toxicity for both compounds
in the presence of CdCl,, while control vials of either LMK-235 or TasQ alone showed high
productivity. Despite the apparent toxic interaction between CdCl, and these HDAC inhibitors,
we found that both compounds significantly suppressed CdClz-induced variegation (CdCl» +
LMK-235 one-sided Wilcoxon rank-sum test P <0.001; CdCl,+ TasQ P <0.001) (Figure 3.6; SI
Table 3.5).

The ability of a subset of tested HDAC inhibitors to rescue CdClz-induced variegation
further supports our hypothesis that cadmium-induced variegation is an epigenetic process and

points towards a role for HDAC4 specifically in establishing CdCl»-induced silencing.

Discussion

We find that a broad range of chemicals can alter variegation at the w™ locus,
highlighting the potential for many environmental exposures to exhibit an understudied
toxicological outcome. The chemicals that significantly altered PEV include 2,4,5-TAA, an

herbicide that was also used in Agent Orange; lithium chloride, used as a pharmaceutical
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immunomodulator, as well as in soldering and pyrotechnics manufacturing’’; magnesium sulfate,
which is unique among other variegation-altering compounds in that it is commonly used as a
medicine, as well as in agriculture as a fertilizer; and DBCP and EDB, water contaminants often
tested as a mixture that are listed in the EPA’s National Primary Drinking Water Regulations.
More specifically, DBCP was widely used as a fumigant and EDB was an additive in automotive
and aviation fuels’!; both continue to contaminate groundwater’>’#, The uses and exposure
routes of cadmium chloride, detailed earlier, are varied and come from both anthropogenic and
natural environmental sources, including via soil and volcanic eruptions.

Incorporating epigenetic information into toxicological studies may provide a better
picture of a compound’s safety and risks, and public health professionals and academics have
begun pushing for the inclusion of toxicoepigenetic data into human health risk assessment” 7%,
The EPA assesses risk using a 4-tier approach as part of the Integrated Risk Information Systems
program. The program starts with hazard identification, and moves hierarchically to dose-
response assessment, exposure assessment, and risk characterization. However, there are two
common problems in risk assessment, and Schulte et al propose that they can be ameliorated by
including epigenetic data’®. They propose that uncertainty — which could manifest in
extrapolating across exposure conditions or in selection of chemical concentrations in models,
for example — and inter-individual variability — the differential response between individuals —
can be mitigated via approaches that account for epigenetic modifications and variation’®.
Methods such as eye-screening in Drosophila can play a role in providing such data.

Ray et al also propose including epigenetic data as determinants in the risk assessment
process, for example, by using epigenetic alterations as biomarkers to predict disease’’6,

Inclusion of epigenetic marks, even in the absence of direct adverse phenotypes, is also
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beneficial because exposure-outcome relationships are notoriously difficult to establish due to
the sometimes-long window between exposure and disease detection. Epigenetic marks may
serve as both a proxy and useful indicator of toxicant-induced molecular changes that have yet to
induce an observable phenotype. Similarly, the epigenome-altering potential of compounds could
be assessed in Drosophila in an Ames-type test, identifying compounds that alter white
expression in a dose-dependent manner. This could be especially useful at the second tier of risk
assessment, as dose-dependent changes in eye color could be a cost-effective way to identify
chemicals that require additional methods to analyze specific epigenetic changes.

We show here that environmental exposures, particularly cadmium chloride, affect gene
expression via changes to chromatin conformation. Changes at the white and brown loci are
phenotypically pronounced, but gene expression data indicates that many genes differentially
expressed after CdClz exposure show only small-magnitude changes. We suggest that such
small-magnitude changes may have relevant biological effects, not only in Drosophila but in
humans, as well. It is possible that the cumulative effects of meager expression changes may
modulate complex disease risk and development. The relationship between multiple small-scale
expression changes and disease risk may be similar to the relationships identified between
genetic variants and disease risk in genome-wide association studies (GWAS). GWAS may
identify thousands of loci that contribute to disease risk, but many of the variants have only a
minor effect on risk and can be missed without proper statistical tools”. It is possible that
exposure-induced gene expression changes can have their physiological effects in a similar way,
wherein direct effects are unmeasurable but the potential for large-scale biological responses are

present.
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We confirmed the ability of five compounds to alter PEV at the white locus, verifying
the results are not due to confounding factors such as toxicity or delayed development by using
dose-response curves. The compounds we found to initiate silencing are generally considered
non-genotoxic; the exception is DBCP-EDB, for which both compounds are genotoxic although
no effect on viability was found at any dose in our study?”**®7 It is also possible that the other
13 tested compounds can act as e(var)s or su(var)s, but were not identified in this study due to
the single exposure dose used in our screen.

It is important to note that our eye-color results do not necessarily indicate an adverse
response. Indeed, Angrish et al note that most epigenetic changes are likely to be transient
without adverse effects, classifying epigenetic changes into three effect groups: those with an
adverse effect, those with an adaptive effect (such that the epigenome is primed to protect the
organism from subsequent exposure), and those with a null effect’®. The physiological response
of exposure to the PEV-altering chemicals we identified could fall under any of those categories.
Further research needs to be done to identify the specific effects of epigenetic alterations. Our
research also only identifies epigenetic changes via ingestion of food. Environmental exposures,
however, come via various routes and may have different physiological outcomes.

This research points toward two broadly relevant findings for both toxicological
assessment and PEV mechanisms. First, multiple toxicants can act as enhancers or suppressors of
variegation at the classical PEV locus white in D. melanogaster. Second, the effects of cadmium
chloride in particular are not limited to white, but also appear to affect the chromatin status of the
brown locus. At the same time, white response appears to be limited to the rDNA-adjacent X
chromosome location. Other studies have also noted that the locus is responsive to environmental

toxicants and to diet®® *°. One possible reason for the w™/-specific response is that rDNA-
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associated heterochromatin may contain specific histone modifications and/or chromatin-
associated proteins that respond to CdCl,, while the autosomal and Y-linked heterochromatin
types contain non-responsive heterochromatin components. A second and related possibility is
that the P-element constructs used in the autosomal and Y-linked insertions have their own
characteristics that prevent enhanced variegation. If that latter is true, non-P-element variegating
white transgenes may show cadmium-induced variegation, while P-element white insertions into
X-linked heterochromatin may be invariant.

Our investigation into the effect of HDAC inhibitors on PEV, in the absence of chemical
exposures, demonstrates that variegation at a single locus can be initiated by multiple distinct
mechanisms. This is borne out in our observations that all HDAC inhibitors in this study will, on
their own, suppress white variegation compared to a no-chemical control (Figure 3.6A). This
indicates that multiple enzymes are involved in establishing w™ variegation. However, the strong
derepression of CdClz-induced silencing by the broad-acting inhibitor TSA and no other HDAC
inhibitors points toward a significant role of HDAC4 in establishing CdClz-induced variegation.

When we added HDAC4-specific inhibitors LMK-235 and Tasqinimod to CdCl,-
containing food, however, we found that while these compounds recapitulated the su(var) trend
of TSA, neither mimicked the large su(var) effect of TSA alone. This could potentially be due to
insufficient dose of LMK-235 or Tasquinimod. However, the low yield of flies in LMK-235 +
CdCl; and TasQ + CdCl; treatments compared to either compound alone suggests that the
interaction between the HDAC inhibitors and CdCl is already highly toxic and increasing the
HDAC inhibitor concentration may further decrease yield. Other possible reasons include
HDACA4 not being the causative enzyme (as inhibitors against HDACI11 were never tested in

Drosophila and little is known about the enzyme); reduced efficacy of LMK-235 and
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Tasquinimod in D. melanogaster, as neither were tested for inhibitor activity in the organism; or
because LMK-235 and TasQ are toxic at low doses in D. melanogaster.

In conclusion, we show here that environmental compounds can alter chromatin state at
both the X-chromosome w™? locus as well as the second-chromosome hrown locus in D.
melanogaster. We furthermore show that global gene expression changes in response to CdCl
exposure are enriched for heterochromatin-associated targets. Finally, we show that enhanced
CdClz-induced white variegation is dependent, to an unknown extent, on HDAC4. Our data
indicates that environmental exposures can non-lethally perturb physiology in the absence of
traditional toxicological outcomes. We believe this data further bolsters efforts to include

toxicoepigenomic assessments in evaluations of chemical toxicity.
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Abstract

Several autoimmune and neurological diseases exhibit a sex bias, but discerning the causes and
mechanisms of these biases has been challenging. Sex differences begin to manifest themselves
in early embryonic development, and gonadal differentiation further bifurcates the male and
female phenotypes. Even at this early stage, however, there is evidence that males and females
respond to environmental stimuli differently, and the divergent phenotypic responses may have
consequences later in life. The effect of prenatal nutrient restriction illustrates this point, as adult
women exposed to prenatal restrictions exhibited increased risk factors of cardiovascular disease,
while men exposed to the same condition did not. Recent research has examined the roles of sex-
specific genes, hormones, chromosomes, and the interactions among them in mediating sex-
biased phenotypes. Such research has identified testosterone, for example, as a possible
protective agent against autoimmune disorders and an XX chromosome complement as a
susceptibility factor in murine models of lupus and multiple sclerosis. Sex-biased chromatin is an
additional and likely important component. Research suggesting a role for X and Y chromosome
heterochromatin in regulating epigenetic states of autosomes has highlighted unorthodox
mechanisms of gene regulation. The crosstalk between the Y chromosomes and autosomes may
be further mediated by the mitochondria. The organelles have solely maternal transmission and
exert differential effects on males and females. Altogether, research supports the notion that the
interaction between sex-biased elements might exert novel regulatory functions in the genome

and contribute to sex-specific susceptibilities to autoimmune and neurological diseases.
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Introduction

Sexual dimorphisms in morbidity, mortality, pathology, disease progression, and
phenotypic expression have been a matter of abundant research as well as neglect. Studies have
documented variable incidence of infection in male and female children [1], disproportionate
female susceptibility to immune diseases [2,3], greater risk of mental illness and overall
mortality in males [4], variable cancer rates between the sexes [5,6], sex-specific risk for stroke
and diseases of aging [7], and unique phenotypic dynamics of sex-biased traits [8,9].
Expectations from population genetic theories highlight the likelihood of such sexual
dimorphisms due to transmission biases of the Y chromosome and mitochondria, as well as
representation bias of the X chromosome in the sexes [10-13]. Crudely defined molecular
mechanisms, however, have prevented a better understanding of genetic variants mediating
sexually dimorphic expression. In any circumstance, the extent and functional consequences of
sex differences is often overlooked. Drug treatment regimen and dosage, for example, typically
do not distinguish between men and women [ 14] despite evidence of pharmacokinetic and
pharmacodynamic differences between the sexes [14,15].

Multiple factors contribute to this differential disease susceptibility, including sex
hormones and the type and number of sex chromosomes in a genotype. Hormonal fluctuations
during pregnancy influence the course and duration of some autoimmune diseases, exacerbating
symptoms of systemic lupus erythematosus (SLE) and ameliorating those of rheumatoid arthritis
(RA) and multiple sclerosis (MS). In RA and MS, however, while relapse rates decrease during
the third trimester, they increase postpartum when hormone levels return to normal [14,16].
Meanwhile, sex chromosome complement, which includes the number and type of sex

chromosomes and their genes, is a risk factor in obesity [17,18] and has been implicated in
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autoimmune susceptibility [19,20]. Y chromosome genetic variation in British men has been
associated with blood pressure and total cholesterol levels. One Y chromosome haplogroup in
particular is associated with a 50% increased risk of coronary artery disease in men of European
ancestry, independent of all other risk factors. Macrophages from men of this haplogroup also
display down-regulation of adaptive immunity and up-regulation of inflammatory response
pathways [21].

Mutations, deletions, and translocations involving the X chromosome have also been
linked to disease phenotypes with a sex bias, including mutations in the WAS gene that cause
Wiskott-Aldrich syndrome and mutations in /L2RG that cause X-linked recessive severe
combined immunodeficiency syndrome [22]. While less common, there are also examples of Y-
linked immunodeficiencies in mice. The Y-linked autoimmune acceleration (Yaa) locus in male
mice contains a translocation that includes toll-like receptor 7 from the X chromosome and
contributes to a severe lupus-like phenotype in some mice strains [23]. A recently characterized
mouse strain exhibiting Y-linked hereditary B and NK cell deficiencies also highlights the
potential for a direct Y chromosome contribution to some autoimmune disorders [24].

Gonadal secretions are essential for triggering and maintaining sexual dimorphisms. Sex
determination and sex-specific phenotypes, however, do not spring exclusively from the gonads.
Sex differences in embryonic development before gonadal differentiation, observations of sex
chromosome-dependent neural and behavioral phenotypes, and the expression of sex
chromosome-dependent long non-coding RNAs like Xis¢ might all emerge from differences in
sex chromosome complement apart from hormonal differences. Sex chromosome factors can

include specific genes on the X and Y chromosomes, the ratio of X and Y chromosomes to
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autosomes, and novel mechanisms emerging from genome-wide gene regulation by sex
chromosomes. These factors may play key roles in sex-specific disease susceptibility.

While research identifying loci contributing to sex-biased phenotypes has helped discern
disease mechanisms and improve susceptibility assessment in populations and individuals, there
are few sex-biased diseases that follow a simple Mendelian inheritance pattern [25]. Similarly,
research focusing solely on sex chromosomes, sex-specific hormones, or sex-biased tissues
supplies partial answers, but does not fully explain the causes of sex-biased disease and
phenotypic expression. Continued attention to sex, environment, and genotype within an
integrative framework might contribute a better understanding of the variable penetrance and
expressivity of naturally occurring genetic variants and the role of environmental factors in

modulating the manifestation of these variants between the sexes.

Mammalian sex determination

While many autosomal and X-linked genes are dimorphically expressed to yield male and
female phenotypes, there are some sex chromosome-linked genes that are expressed solely in one
sex or the other and which have essential roles in sex determination. The sex-determining region
Y (Sry) gene is required for testis development in therian mammals. In the absence of sufficient
levels of Sry, the gonadal ridge differentiates into ovaries and produces a female phenotype [26-
29]. Sry appears to operate primarily as a transcription factor in both gonadal and non-gonadal
tissues. In the gonads, Sry binds to the enhancer region of the SRY-related HMG box protein 9
(SOX9) gene, which is essential for inducing Sertoli cells, the primary cell type in the testes, to
secrete anti-Miillerian hormone [28,30]. The cascade eliminates the Miillerian ducts, which

would otherwise develop into the oviduct and uterus [28,30]. Sry is also notably important in the
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brain [31,32]. In male adult mice, Sry is present in the substantia nigra, and in rats, Sry down-
regulation causes a decrease in tyrosine hydroxylase expression and impairs motor activity [33].
The X chromosome gene monoamine oxidase A (MAO A), which deaminates monoamine
neurotransmitters such as serotonin, is a target of Sry. MAO A plays a critical role in brain
development and function, and its abnormal activity has been suggested in sex-biased
neurological disorders, such as autism, depression, and attention deficit hyperactivity disorder
[34]. Sry may also contribute to the sex bias in Parkinson's disease and schizophrenia, as it might

modulate catecholamine synthesis and metabolism in the human male midbrain [35].

X chromosome inactivation

Another sex-specific gene that might have implications for sex-biased phenotypes in
mammals is Xisz, which codes for a long non-coding RNA whose expression is limited to
females. Transcription of Xist initiates the inactivation of one X chromosome and therefore
equitable expression of X-linked genes in the soma of XY males and XX females. The process
begins in the XX zygotes soon after fertilization, when the Xist transcript physically coats the X
chromosome in cis and recruits protein complexes to transcriptionally inactivate the chromosome
[36-39]. In mice, there are two distinct stages of X chromosome inactivation (XCI). First,
imprinted X inactivation causes the paternal X chromosome to become silenced in early
embryogenesis. The second stage of XCI occurs around the time of implantation in the late
blastocyst. Cells in the inner cell mass, which will become the fetus, reactivate the imprinted
paternal X and subsequently undergo random inactivation of either the maternal or paternal X
chromosome. Cells outside the inner cell mass, such as those destined to become either the yolk

sac or placenta, retain their paternal X imprinting [36-39].
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The process of XCI, however, does not completely eliminate gene expression differences
caused by the presence of two X chromosomes. Murine Xist is expressed from the two- and four-
cell stage onward, but the first cytological signs of XCI are not present until about the 50-cell
stage [40]. Similarly, following the early blastocyst re-activation of the paternally imprinted X,
there is a period before random inactivation during which females have two active X
chromosomes [41]. Finally, after random XCI, some imbalances in gene expression between
males and females remain: not all genes in the inactive X chromosome (Xi) are transcriptionally
inactive, and not all females express the same number of these Xi escapee genes, nor are the Xi
escapees expressed at the same levels [42]. In vitro, about 15% of human X-linked genes and
about 3% of mouse X-linked genes are expressed on both X chromosomes; an additional 10% of
human X-linked genes show variable patterns of XCI [42,43]. Women, but not men, with lupus
demonstrate increased expression of X-linked genes, possibly from demethylated regions of the
Xi, which may help explain the differential susceptibility of women (and XXY Klinefelter men)
to the disease [44]. It should also be noted, however, that other autoimmune diseases such as
primary biliary cirrhosis are characterized by haploinsufficiency of X-linked genes [45].

The facultative heterochromatin of the Xi results in females that are a mosaic of two
genotypes, depending on whether the paternal or maternal X chromosome was inactivated. This
heterochromatin, already exclusive to females, might vary based on whether the Xi was inherited
maternally or paternally. Such parent-of-origin imprints have been shown to influence
development. Murine XO females with a paternal sex chromosome have delayed prenatal
development and are smaller than XX embryos, which are smaller than XY embryos. However,
murine XO females with a maternally derived X are significantly larger than their paternal XO

counterparts and are equivalent in size to XY embryos [46]. Differences in cognitive function in
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humans between XO females with a paternal versus maternal X may also be explained by
imprinted X genes [47]. The variation in imprinted genes, as well as variable Xi escapee
expression, implicates not only the role of various alleles in contributing to a female's mosaic
phenotype, but also variable expression depending on parental origin.

The prevalence of each X chromosome's activation state may also be non-random. An interesting
possibility is that heterozygous females might have the ability to select neutral alleles over
disadvantageous alleles in a tissue-specific manner [ 14]. Female carriers of
agammaglobulinemia, an X-linked immune deficiency, exhibit non-random XCI in B cell
lymphocytes [48], and female carriers of Wiskott-Aldrich syndrome exhibit non-random
inactivation in all blood cell lineages [49]. Skewed XCI has also been suggested to play a role in
disease pathogenesis, such as that of systemic sclerosis (SSc) [50], and it has been documented
in breast and ovarian cancers [51,52].

The relevance of dosage compensation is illustrated by the unique strategies that have
been independently evolved to compensate for sex chromosome imbalance. For instance, in
Caenorhabditis elegans, the XX hermaphrodite expresses genes from both X chromosomes at
half the rate as XO males to account for dosage compensation. Drosophila males, meanwhile,
express X chromosome genes at twice the rate as females, and mammalian females use X

inactivation as a dosage compensation mechanism [39,53] (Figure 4.1).
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Figure 4.1 Dosage compensation mechanisms in human (Homo sapiens), fly (Drosophila melanogaster), and
worm (C. elegans). X chromosome dosage needs to be equalized between the sexes and relative to the autosomes.
In humans, females with two X chromosomes undergo X inactivation of one chromosome; the remaining active X
up-regulates its genes twofold. In flies, both female X chromosomes are active; male X-linked genes are up-
regulated twofold. In worms, which utilize a hermaphrodite/male sex determination pathway, hermaphrodites
express X-linked genes at half the rate of males, with both genotypes expressing two times the amount of X-linked
genes [39,53]. Chromosomes are not drawn to scale.

Sex chromosome dosage

Some disease phenotypes have been linked to sex chromosome type and number,
independent of gonadal secretions. Research in mice has demonstrated a role for the number of X
chromosomes in mediating variable susceptibility to adiposity, independent of the presence of a
Y chromosome [18]. Additionally, an XX complement in mice, independent of gonadal sex, can
increase the risk of lupus and experimental autoimmune encephalomyelitis (EAE; a mouse
model of MS) when compared to an XY complement independent of gonadal sex [20,54]. An
association between X chromosome number and SLE susceptibility in humans has also been
observed: while SLE is more prevalent in women compared to men, the increased prevalence in
prepubescent and postmenopausal women precludes a strictly hormonal role. Furthermore, XX

females and XXY Klinefelter males display a similar risk, while XO Turner females display
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decreased disease prevalence [44]. Abnormal karyotypes have been associated with other
autoimmune diseases, as well. Men with autoimmune thyroiditis or primary biliary cirrhosis
(diseases characterized by female preponderance) display an increased incidence of Y
chromosome loss in peripheral blood cells, and women with primary biliary cirrhosis display
increased rates of X monosomy [45,55].

The number of X and/or Y chromosomes in mammals might also exert control over the
epigenetic cellular machinery, although specific functional consequences on disease
dimorphisms are yet to be observed. Embryonic stem (ES) cells with an XX complement, for
example, display reduced DNA methylation compared to either XY or XO ES cells [56]. DNA
methylation of imprinted alleles in germ cells is influenced by sex chromosome complement as
well as the gonadal sex of the embryo [57]. Furthermore, the histone demethylase Kdm3a
appears to modulate the level of Sry expression in mice. Males with a homozygous Kdm3a
deletion exhibited frequent partial or full male-to-female sex reversal, some of which were
fertile, while females lacking Kdm3a underwent normal sex differentiation and were fertile [58].

Sex chromosome complement can influence position-effect variegation (PEV), an
epigenetic phenomenon documented in organisms as diverse as yeast, fruit flies, and mammals
(Figure 4.2). PEV occurs when a gene located near a euchromatin-heterochromatin border is
randomly silenced or expressed due to the stochastic spreading or contracting of
heterochromatin. It was first documented in Drosophila in 1930 [59], when a chromosomal
translocation moved the whife gene to a location near the heterochromatin. The gene is required
for the synthesis of the red pigment in the fly eye, and expansion of heterochromatin causes a
mottled-eye phenotype comprising patches of white and red (wild-type) cells. In a mouse model

of PEV, males had a greater propensity to silence a human CD2 reporter transgene than did
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females. The extent of silencing appeared determined by sex chromosome complement

independent of gonadal sex [60].
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Figure 4.2 Position-effect variegation in Drosophila. The stochastic expansion of heterochromatin proteins in each
cell can cause a variegated eye color phenotype in Drosophila. At the top of each figure is a representation of DNA
within a cell, the middle is a representation of the location of heterochromatic proteins within a locus, and at the
bottom is the observed eye color phenotype. (A) A fly whose cells contain the white gene located exclusively in
heterochromatin, and thus inaccessible to transcription, will have white eyes devoid of red pigment. (B) A
combination of cells with the white gene located in heterochromatin and cells with the white gene located in
euchromatin, and thus available for transcription, will have a mottled phenotype with some cells producing red

pigment and some cells producing no pigment. (C) A fly whose cells contain the white gene located exclusively in
euchromatin will have fully pigmented red eyes.
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Finally, evidence suggests that prior to differentiation of the gonads and production of
sex hormones, male pre-implantation embryos are larger than those of females [61,62], and some
genes, located on both autosomes and sex chromosomes, are already differentially expressed
between the two sexes at that stage [63,64]. While sex-determining genes like Sry can account
for gonad-dependent differences, triggers for pre-gonadal differences are less well defined. The
dosage of sex chromosomes might be relevant, as it has a documented influence on sex
determination in some species. The ratio of X chromosomes to autosomes determines gonadal
sex in fruit flies (Drosophila); though the Y chromosome contains genes essential for male
sexual development, it is not involved in sex determination. Accordingly, XXY genotypes are
functionally and phenotypically female, while XO genotypes are sterile males [65]. The

nematode C. elegans also senses the X/autosome ratio; XX genotypes develop into self-
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fertilizing hermaphrodites, while XO genotypes develop into males. Some conditions, however,
may prompt cross-fertilized XX embryos to lose the paternal X chromosome and develop as XO
males [66]. In eutherian mammals, the presence of the Y chromosome gene Sry will result in the
development of the male gonadal phenotype regardless of how many X chromosomes are present
[67]. As aresult, an XXY genotype is phenotypically male in mice and humans. Nevertheless,
syndromes of X and Y chromosome mono- or polysomies indicate that sex chromosome dosage

causes phenotypic variations in humans (Table 4.1).
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Table 1.1 Sex chromosome dosage and phenotypes in humans and D. melanogaster

Genotype Human gonadal sex Human phenotype  Fly gonadal sex Fly phenotype

X0 Female Turner female® Male Sterile male

XX Female Female Female Female

XY Male Male Male Male

XXY Male Klinefelter male® Female Healthy female

XYY Male Slightly atypical Male Lesser characterized
male® male

XXX Female Slightly atypical Female Metafemale®
female!

‘Male’ and ‘female’ designations are based on gonadal sex.

2XO (Turner) females have female external genitals but often have non-functioning ovaries, lack menstrual cycle,
and are sterile. Prevalence is estimated to be 1 per 2,000 live-born females [68].

"XXY (Klinefelter) males have male genitals but are often sterile and hypogonadic. They may display a range of
female secondary characteristics, including enlarged breasts and small or undescended testes. Prevalence is
estimated to be 1 per 658 live-born males [69].

“Prevalence of XYY males is estimated to be 1 in 1,000, but approximately 85% are never diagnosed. The
phenotype commonly includes tall stature, macroenchephaly, macroorchidism, decreased muscle tone, and an
increase in autistic spectrum disorder. Some may be at risk of reduced fertility [70].

4Triple X syndrome in females has a variable phenotype, and XXX females will often not display any abnormalities.
The prevalence is about 1 per 1,000 female births [71].

“Metafemale Drosophila are often sterile and can display narrowed abdomens, wing abnormalities, irregular eye
facets, and/or malformed legs. The observed frequency in adults is less that 1%, and viability post-eclosion is
limited [72-75].

Hormonal and sex chromosome interactions

Sex chromosomes and their genes contribute to differential disease susceptibility, but
there might also be interactions between sex hormones, sex chromosomes, and the autosomal
background. The contribution of sex-specific hormones and sex chromosomes to disease states
can be disentangled in a number of ways. The four-core genotypes (FCG) mouse model, in

which gonadal sex is independent of sex chromosome complement, is one that has been
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successfully used. This model was created by combining a Sry deletion on the Y chromosome
[76] with the insertion of a functional Sry transgene onto an autosome. An XX genotype with
the autosomal transgene develops testes and is a gonadal male; likewise, an XY~ genotype
lacks Sry and develops ovaries to become a gonadal female. The model produces four genotypes,
with two genotypes per sex: XX~ and XY5? mice are gonadal females lacking the autosomal
Sry transgene, while XY and XX57* are gonadal males with the autosomal Sry transgene.
Here, we use shorthand notation for these genotypes: XXF and XYF for gonadal females, and
XYM and XXM for gonadal males. Hence, sex chromosome complement can be studied
independent of gonadal secretions initiated by Sry, and the interaction between sex and sex
chromosome complement can be observed. This model has yielded insight into the relevance of
sex chromosomes to sexual dimorphisms in autoimmune disease, hypertension, neural tube
closure defects, and adiposity, among others. For example, sex chromosome complement,
independent of hormonal effects, has been implicated in causing differential expression of genes
coding for proteins such as calbindin, prodynorphin, and nitric oxide synthase in the brain, and
differential expression of two histone demethylases in neurons. It also plays a role in sex
differences in aggression, habit formation, and parenting behavior (reviewed in [4,26]). The FCG
model also demonstrated a role for Sry in regulating autosomal gene expression [e.g., 60]. The
regulation may be due to a direct transcriptional role of Sry or it may be mediated by sex
hormones; the latter is supported by research indicating that XY complement-induced
differences in immune response might be suppressed in the presence of testosterone [77].
Finally, cellular models have also contributed to discerning the relative roles of sex
hormones and chromosomes in sexual dimorphisms. In one study, Penaloza et al. [78] harvested

cells from male and female mice at embryonic stages before and after gonadal differentiation.
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The data suggested that sex chromosome complement underlies the differential sensitivity of
male and female embryonic cells to some stressors, with the introduction of hormonal secretions
functioning as a modifier of those differences [78].

Sex chromosome interactions with autosomes and mitochondria

While the FCG model has helped separate the effects of sex chromosomes versus sex
hormones, it has also illuminated sex biases that are partially dependent on genetic background.
XX mice face increased susceptibility to adiposity in one strain of mice, while research in
another strain suggests that the presence of two sex chromosomes (either X or Y) might be
responsible for changes in body weight, body composition, and other metabolic variables
[17,18]. Similarly, the contribution of sex chromosomes to EAE and experimental myocarditis
susceptibility might be modified by genetic background [79]. The sex reversal caused by the
homozygous deletion of Kdm3a in mice was also dependent on the genetic origin of the Y
chromosome: 14% of C57BL/6 (B6) mice that lacked Kdm3a displayed male-to-female sex
reversal, whereas the introduction of a CBA Y chromosome in the same Kdm3a loss-of-function
background resulted in 88% male-to-female sex reversal. The phenomenon might be due in part
to the lower levels of Sry in mice with a CBA Y chromosome relative to mice witha B6 Y
chromosome, suggesting that CBA mice might already have Sry levels closer to the minimum
threshold required for inducing the male development pathway [58].

Interactions between the X chromosome and autosomes might help explain the variable
susceptibility of women to autoimmune diseases. Females have an increased prevalence of
autoimmune diseases including SLE, RA, MS, SSc, primary biliary cirrhosis, Hashimoto's
thyroiditis, and pernicious anemia [2]. Some of the risk factors are genetic, as concordance

studies in twins demonstrate, but incomplete concordance also demonstrates the relevance of
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non-genetic factors [80]. Autoimmune diseases vary greatly in their mechanisms, penetrance,
response to treatments (which can include sex hormone therapy), and underlying genetic causes.
An interesting possibility is that increased female susceptibility might emerge from polygenic
autosomal factors on a permissive X chromosome background and in a permissive environment.
The increased prevalence of rheumatoid arthritis (RA) in urban Senegalese populations
compared to their rural counterparts suggests environmental triggers in otherwise healthy but
genetically susceptible population [81]. Similarly, the TRAF1/C5 polymorphism has been
implicated in susceptibility to RA in a North African population and with susceptibility to SLE
in a European population [82]. The variation might be attributable, in part, to genetic background
interactions and/or environmental triggers. Finally, accumulating evidence suggest that
environmental agents may influence the development of lupus by inhibiting T cell DNA
methylation [44].

One hypothesis that might partially explain the origin of some male-biased diseases rests
in the maternal transmission of the mitochondrial genome. The asymmetrical transmission
precludes the purging of mutations harmful to males if they are beneficial, neutral, or only
slightly disadvantageous for females. This ‘mother’s curse’ was implicated in reduced sperm
function and fertility in males with mtDNA mutations, while female fertility was unaffected [83].
The curse might also have further repercussions on health and aging. Genetic variation in D.
melanogaster mitochondrial genomes appears to affect male-specific patterns of aging, while
females remained unaffected [84]. Similar research in D. melanogaster documented significant
differential gene expression in males with mtDNA introgressions (more than 8% of tested genes
among five introgressions), yet very few differentially expressed genes in females of the same

lines (about 0.06%) [11]. Evidence of coevolution of the male mitochondrial genome with the
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nuclear genome is abundant [10,85,86]. Males carrying one mtDNA haplotype might be sterile
when introgressed into an isogenic background, but fertile when expressed in its coevolved
genetic background [11]. Finally, interspecific cellular hybrids with mismatched nuclear-
mitochondria pair display a range of anomalies [87]. These include cellular inviability, which
can manifest even if the species donating the mitochondria and the nuclear genome are closely

related [87].

Sex chromatin structure and epigenetic modifications

Evidence of sex chromosome modulation of autosomal gene expression and downstream
phenotypes is rapidly accumulating. However, elucidating the genetic elements that mediate sex
chromosome interaction with autosomes has lagged and complicated attempts to explain
differential responses to nearly identical circumstances. For instance, a specific deletion in the Y
chromosome contributes to male infertility in some human populations, but not others [88],
suggesting interactions with the genetic background. Clues to the mechanisms for such
differential effects might partly lie in the genetic variation of Y chromosomes and possibly in
novel regulatory forces exerted by heterochromatic segments of the chromosome.

In D. melanogaster, the Y chromosome harbors 15 protein-coding genes and accounts for
nearly 25% of male haploid DNA content [89,90]; in contrast, the X chromosome is about the
same size and contains more than 2,000 genes [91] (Figure 3). This incongruity occurs because
much of the Y chromosome is heterochromatic and comprises transposable elements and other
repetitive sequences. Research using Y chromosome introgressions in isogenic and reciprocal

genetic backgrounds revealed that the Y chromosome can regulate response to temperature,
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fertility, spermatogenesis, and fitness, as well as the expression of hundreds of X-linked and

autosomal genes [92-95].
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Human Mouse Fly

Total haploid gene content: Total haploid gene content: Total haploid gene content:
3,324.6 Mb 3.480.5 Mb 168.7 Mb
X Y X Y X Y
~40 Mb ~40 Mb
2,172 genes ~15 genes
59.4 Mb ~13% of genome ~24% of genome
72 genes

~2% of genome

91.7 Mb
377 genes
~3% of genome

155.3 Mb

833 genes

~5% of genome 171.0 Mb
943 genes
~5% of genome

Figure 3 Relative sizes of the X and Y chromosomes in human (H. sapiens), mouse (Mus musculus), and fly
(D. melanogaster). Drawn to scale. Gene counts are for protein-coding genes and do not reflect the number of
copies in multi-copy genes. H. sapiens and M. musculus data obtained from Ensembl database release 73 [91] and
Pertile and Graham [96]. D. melanogaster X and Y chromosome size obtained from the literature [89,90]. X
chromosome gene count obtained from Ensembl database release 73 [91]. Y chromosome gene count from the
literature [89,90].

Differential gene regulation and expression, however, are dependent upon the autosomal
and X chromosome background. When comparing D. melanogaster populations from temperate
and tropical climates, Y chromosome origin accounted for about 50% of the difference in
susceptibility to heat-induced sterility [93]. Similarly, consomic strains generated with Y
chromosomes in various genetic backgrounds revealed that fitness was dependent on the
interaction between variable Y chromosomes and the genetic background [95]. Furthermore,
increased amounts of Y chromosome DNA in a male fly may cause higher expression of PEV
markers [97]. Finally, Y chromosomes of different geographic origins were found to
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differentially modulate PEV on an identical autosomal background such that some Y
chromosome variants suppressed the expansion of heterochromatin, and others enhanced it [98].
These observations may indicate regulatory roles for sex chromosomes in mediating disease
susceptibility.

One hypothesis for the mechanism by which a gene-poor chromosome regulates
autosomal gene expression is through the sequestration of heterochromatic factors. Differential
sequestration of these factors by polymorphic regions of the Y chromosome might explain the
modulation of both PEV and genome-wide gene expression. Consistent with this hypothesis is
the observation that XXY D. melanogaster females with polymorphic Y chromosomes show
differential expression of thousands of genes despite not expressing Y-linked proteins [98]. In D.
melanogaster, the Y chromosome also contains variation in repeat number of the multi-copy
rDNA locus, which leads to both differential PEV and global gene expression [99].

In addition to the hypothesis that the Y chromosome serves as a heterochromatic sink, at
least two complementary and non-mutually exclusive hypotheses are evident [100]. First,
variable Y chromosomes might contribute distinct pools of small RNAs.. Second, Y
chromosome variation might perturb the spatial arrangement of chromosomes in the nucleus.
Genes responsive to the Y chromosome may show restricted nuclear distribution, although the
arrangement is bound to be variable across cell types [100]. Interestingly, Branco et al. [101]
recently showed that the manifestation of variable Y chromosomes on gene expression requires
wild-type function of the heterochromatin protein 1 (HP1). They also observed contrasting
effects between testis-specific and somatic gene expression that emerged from the genetic
interaction between HPI and the Y chromosome. Interestingly, HPI's role in nuclear architecture

and its association with nuclear lamin proteins have long been known [102,103] and raise the
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possibility that naturally occurring variation in the Y chromosome might modulate nuclear
architecture and alter the accessibility of the transcription machinery to specific genes.

In mice, the number of X chromosomes appears to influence PEV and reporter gene
expression, whereas a contribution from the Y chromosome is not apparent. This might occur
because the mouse Y chromosome represents a much smaller percentage of the haploid male
mouse genome (about 3%) than it does in Drosophila. Female mice, however, have a
heterochromatic inactive X chromosome which appears to play a role in regulating PEV. Male
mice show markedly increased PEV silencing of a reporter gene compared to females, but
analyses with the FCG model suggest that the phenomenon might be due to X chromosome
number rather than presence of a Y chromosome. Accordingly, both XYM and XYF mice
showed greater silencing than XXM or XXF. The use of an additional mouse model, in which a
modified Y chromosome is attached to an X chromosome to produce XXY males for comparison
with XO females, separated the individual effects of the X and Y chromosomes. XXY males
created with this model displayed less silencing of the reporter gene than the XO females [60].
Hence, the molecular role of the Drosophila Y chromosome as a likely sink for heterochromatin
factors might have its mammalian counterpart in the inactive X chromosome [77].

As the regulatory nature of sex chromosomes is likely to revolve around epigenetic
mechanisms, it is relevant to note that the differential expression of genes in XX versus XY mice
may also be due to Xi escapees, many of which code for chromatin proteins [77]. This
observation, combined with variable Xi escapee patterns [42], further supports the notion that
sex chromosomes contribute to autosomal and X chromosome gene expression through
chromatin remodeling. HP1, a major modifier of PEV in mice and Drosophila, provides further

evidence of sex bias in chromatin. The protein appears to exert sex-specific gene regulation in
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Drosophila, and deletion causes sex-biased lethality [ 104]. Interestingly, genes identified as

responsive to sex chromosome complement in mammals were enriched for candidates sensitive

to HP1 [60].

Sex chromatin in genotype-by-environment interactions

Sex-biased chromatin states on autosomes (e.g., differentially methylated DNA between
the sexes) might emerge from trans regulation by sex chromosomes. This genetic interaction
might set the stage for additional second-order interactions with the environment and manifest as
global gene expression patterns. Maternal nutrient restriction (MNR) during fetal growth may
illustrate the potential for environmental modulation with long-term effects. The research
emerged in part due to accurate record keeping through the Dutch Hunger Winter, a period
during World War II in which the western part of the Netherlands went through official food
rations. Health and birth records remained intact in three hospitals, and cohort studies traced the
lifelong health and disease trajectories of individuals conceived and born during this time [105].
The studies have provided insight into the developmental origins of health and disease and
highlighted possible early origins of sex differences.

Lipid profiles of adults exposed prenatally to famine exhibited sex bias independent of
gestational timing: adult women who experienced prenatal nutrient restriction showed elevated
total and LDL cholesterol and triglyceride concentrations, risk factors for cardiovascular disease,
compared to unexposed women; men did not show such an increase [106]. Furthermore, Tobi et
al. [107] compared DNA methylation patterns in 15 genes associated with metabolic and
cardiovascular disease in individuals prenatally exposed to famine. The results suggest that the

timing of famine exposure might underlie gene expression and methylation differences.
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Specifically, six loci displayed methylation differences compared to an unexposed same-sex
sibling; the association differed by sex in three loci. When eight loci were tested for methylation
differences in late-gestational exposure to famine, men displayed methylation differences in two
of the three sex-associated loci. Methylation differences included both increases and decreases,
and one locus displayed both an increase and decrease depending on timing of famine exposure
[107]. Similar sex-specific methylation in response to MNR was observed in sheep. A
periconceptual modest reduction of B vitamins resulted in adult phenotypes that included
elevated blood pressure, insulin resistance, and obesity. Exposed adult offspring exhibited altered
methylation states in 57 of 1,400 CpG islands: 88% of the loci were hypomethylated or
unmethylated compared to controls, and 53% of the altered loci were specific to males, while
12% were specific to females [108]. These associations and sex-specific effects are intriguing
and might include both causative and correlated epigenetic modifications.

Maternal stress in mice might also influence offspring behavior in a sex-dependent
manner. Male offspring exposed to early prenatal stress (E-PS) displayed behavioral changes and
depressive-like phenotype as adults [ 109]. Male mice also showed altered expression levels of
stress-responsive proteins: corticotropin-releasing factor expression was increased in the central
nucleus of the amygdala, while glucocorticoid receptor expression was decreased in regions of
the hippocampus. In the hypothalamus, the corticotropin-releasing factor promoter had reduced
levels of DNA methylation and the glucocorticoid receptor promoter had increased methylation;
additionally, the corticotropin-releasing factor promoter in DNA isolated from the central
nucleus of the amygdala also had reduced methylation. Since the fetal brain is not yet formed at
the E-PS period, the long-term, sex-specific epigenetic effects on behavior might be mediated by

sex-specific changes in placental gene expression. Placental gene expression analyses in E-PS
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mothers of males revealed up-regulation of peroxisome proliferator-activated receptor alpha
(PPAR0.), insulin-like growth factor binding protein 1 (IGFBP-1), glucose transporter 4
(GLUTY), and hypoxia-inducible factor 3a (HIF3a). However, the placenta from mothers of
females showed down-regulated PPARa. DNA methylation machinery also varied between male
and female embryos and between control and E-PS embryos. The methylation maintenance
enzyme DNMT1 was lower in male control compared to female control placentas: E-PS caused
no significant change in expression in males, but caused a significant increase in enzyme
expression in females [109]. Sex-biased placental response in PPARo methylation may also
provide a mechanism for the sex-biased disease phenotypes seen in response to MNR. DNA
methylation in the PPARa promoter decreased in the liver of rats prenatally exposed to a protein-
restricted diet. While the promoter methylation decrease was small, from 6.1% to 4.5%, the
change corresponds to a 26% decrease compared to controls and accounted for up to 43% of the
variance in gene expression of PPARo [110]. These results might reveal both the disruption

caused by exposure to stress as well as mechanisms of stress protection.

Sex-biased disease phenotypes responsive to Y chromosome genetic background

Although specific mechanisms and causal networks are poorly defined, sex chromosome
and background interactions are likely relevant to human disease states. Sex chromosome-
dependent gene expression variation in immune response genes might be one pathway for
modulating disease phenotypes. Y-linked regulatory variation, the quantitative effects of
polymorphic Y chromosomes on genome-wide gene expression seen in Drosophila, may provide
clues to key cellular mechanisms with phenotypic consequences. Aside from the disproportionate

modulation of genes that code for protein products that localize to the nucleus and which might
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modify chromatin dynamics, there is a substantial contribution of Y chromosome origin to the
differential expression of immune response genes [79,98,111].
Murine disease susceptibility mediated by Y chromosome origin has also been documented in
response to challenge with the coxsackievirus B3 (CVB3). Twelve Y chromosome consomic
strains were generated on a B6 background, and CVB3-induced mortality in the consomic strains
exhibited a continuous distribution. Although sex hormones have been shown to mediate CVB3
susceptibility, the pattern of mortality was found to be independent of prenatal or adult
testosterone levels [112]. Thus, the role of the Y chromosome in infectious disease susceptibility
may be in part non-hormonal.

EAE is a widely used animal model for studying the pathogenesis of MS. In humans, MS
is more prevalent in women, and the ratio of women to men appears to be increasing [113-115].
One reason for the sex bias might be the protective effect of testosterone. EAE in three strains of
mice has a similar sex bias as seen in human MS. Investigation using one strain (SJL)
documented that castration increased disease susceptibility in male mice, presumably due to the
decrease in testosterone upon removal of the male gonads [116]. Castrated males and normal
females developed a similar disease course [116]. Castration of male mice similarly increases
disease prevalence and susceptibility in models of non-obese diabetes, thyroiditis, and adjuvant
arthritis, diseases that have a similar sex bias as MS [3]. Furthermore, testosterone levels are
inversely correlated with disease progression in males, peaking after recovery and at the lowest
levels during the height of the disease [117]. Nevertheless, in two strains of mice, the sex bias in
EAE is reversed (males display increased susceptibility), whereas another strain shows no sex

bias (reviewed in [3]). This result echoes earlier murine research in which the effect of androgen
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removal on EAE was dependent on genetic background [118], and observations that autosomal
gene associations with MS susceptibility are often sex-specific in humans [119,120].

Interestingly, genetic variation specifically on the Y chromosome affects EAE
susceptibility in male mice [116,121]. While prevalence in SJL mice mimics that of humans, the
female-to-male ratio decreases with age, due to the increasing susceptibility of aging male mice.
While lower testosterone influences male SJL susceptibility [116], Spach et al. [121]
demonstrated a role for the Y chromosome as well. Consomic strains of SJL and B10.S mice
were generated with the reciprocal Y chromosome, resulting in SJL.Y®!%S and B10.S.YS'"
strains. While B10.S and B10.S.Y®'" mice displayed similar resistance to EAE, the phenotype of
SJL and SJL.YB!%S mice diverged, and SJL.Y®!*S mice displayed a more severe disease course
than the SJL mice [121].

One hypothesis is that copy number variation in the Y chromosome modulates EAE and
experimental myocarditis susceptibility. In mouse models, Y chromosome substitution lines
show that susceptibility to these diseases is correlated with the number of repeats of the Y-linked
genes Sly and Rbmy [79]. These Y chromosome structural polymorphisms might modulate global
gene expression and alternative splicing in a cell-type specific manner that depends on genetic
background. A comparison of the mRNA expression in CD4+ T cells between a Y chromosome
introgression and its unaltered counterpart revealed 734 differentially expressed transcripts. In
the same comparison, 64% of chromatin remodeling genes assayed were differentially expressed,
and 3,247 transcripts were alternatively spliced [79].

Evidence of sex chromosome and background interactions in autoimmune disease has
also been observed using the four core genotypes. A sex chromosome effect on EAE was

observed in castrated SJL mice: XXM and XXF displayed a more severe disease course than did
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XYM or XYF. However, when the FCG model was used to investigate sex chromosome effects
in a mouse strain that did not display a sex-biased MS phenotype (the C57BL/6 strain), disease
outcomes did not differ when comparing either of the XX or XY genotypes. The mouse model
for lupus, which is characterized by a 9:1 female-to-male ratio in humans, revealed a sex
chromosome effect in the FCG SJL mice [54]. Gonadectomized XX mice of both sexes exhibited
greater disease severity and mortality than either of their XY counterparts. In gonadally intact
mice, XXF had significantly higher mortality than XYF, whereas neither XYM nor XXM
showed significant mortality during the duration of the study [54]. These results suggest the
influence of sex chromosomes as well as the protective effects of testosterone in gonadal intact
male mice.

Finally, recent research points toward a role for the Y chromosome in regulating cardiac
phenotypes, neonatal programming, and chromatin structure in mice [122,123]. Llamas et al.
[123] generated consomic strains with a Y chromosome from either a C57BL/6J (Y5®) or A/J
(YA?) strain on a B6 background and noted that cardiomyocytes from mice with a Y2 were
larger than those from mice with a YA”. Increased cardiomyocyte size is a characteristic of
cardiomyocyte hypertrophy, a stress response that can be beneficial but is also associated with
sudden death and overt heart failure [124]. They noted that the reduced size of B6-Y*”
cardiomyocytes was due to the absence of hypertrophic effects of post-pubertal testosterone on
the cells, but that testosterone did cause differential gene expression in the two strains [123].
Additionally, the consomic strains showed differential genomic occupancy of androgen receptors
in cardiac chromatin from intact adult mice and in neonatal hearts. B6-Y2® mice displayed
signatures of androgen-receptor binding that were significantly enriched for genes related to

cardiac morphology [122]. Hence, the data raise the possibility that differences in the

168



manifestation of cardiovascular disease in men and women might be influenced in part by the Y

chromosome.

Conclusions

Sex chromosome dosage, sex chromosome genes, and sex hormones underlie sex-specific
phenotypic and sex-biased expressions. Interaction of these factors with the genetic background
of autosomes and mitochondria further contributes to sex-biased phenotypes and explains the
components of within-sex and between-sex variation. Heterochromatin load on the Y
chromosome and on the inactive X chromosome adds another component and possibly new
mechanisms to sex chromosome mediation of epigenetic states on autosomes. Both the X and Y
chromosomes have been shown to differentially modulate global gene expression, including
examples in which the chromosomes play a role in determining susceptibility to murine models
of obesity, lupus, MS, and cardiac phenotypes. However, outcomes are often conditional on the
genetic background of autosomes and sex chromosomes. Recent models in Drosophila and
mouse suggest molecular mechanisms of polymorphic sex chromosome action and indicate that
phenotypic responses are sensitive to environmental stress. Finally, the interaction of sex
chromosomes with the mitochondrial background might be relevant to the emergence of sex-
specific chromatin states.

Altogether, the lack of well-parameterized models for how the chromatin of distinct
chromosomes interacts and produces perturbations that can be detected as trans-regulatory
effects needs broader acknowledgement. Some independent contributions, such as mitochondrial
mother's curse in males, are well defined, but mechanisms for the expression of the curse are

often less clear. Indeed, a related challenge has been to systemically address the interaction
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between genetic elements that might have evolved under disparate pressures (e.g., X
chromosome, Y chromosome, and mitochondria). We envision that understanding how these
genetic elements interact will reveal mechanisms of sex-biased diseases in somatic tissues, which

might intersect unique pathways of sex chromosome action.
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Discussion and Conclusion

The goal of this dissertation is to highlight and elaborate on the role of heterochromatin
in mediating gene expression and downstream phenotypes. I first present research on a specific
X- and Y-chromosome trans interaction between the heterochromatin-associated rDNA loci. I
then present data documenting how environmental exposures can alter heterochromatin-mediated
gene silencing. Finally, I conclude by summarizing how appreciation of chromatin elements in
the genome, specifically the X and Y chromosomes in mammals, can give insight into sexually
dimorphic phenotypes and diseases.

The studies in chapters 1 and 2 on the ribosomal DNA locus show much remains to be
understood about its regulation. Y nucleolar dominance (YND) in Drosophila melanogaster has
been described by three different groups over the past six years, and is observed as the
preferential transcription of Y-linked over X-linked rDNA arrays in males! . There are
exceptions to this dominance: if the Y chromosome is rDNA deficient, the X array can be
activated!. Similarly, Lu et al observed that YND is lost in the male germline as the male ages,
and they tie this loss of dominance to a loss of IDNA copies on the Y chromosome®.

D. melanogaster females can carry a Y chromosome without adverse effects, but the
actions of the Y chromosome on the X chromosome rDNA array in females is unknown. The
data I present in Chapter 1 suggests that X*X/Y females also show YND, as we see that a
polymorphic rDNA sequence is more highly expressed in X*X/Y females than in X*X/0
females. Furthermore, while R2 and R/ copy numbers are roughly equal in X*X/0 and X"X/Y
females, retrotransposon expression is significantly repressed in the Y-bearing strain. Data
presented in Chapter 2 also suggests the Y chromosome is dominant in X*X/Y females: when we

introduce the rDNA-deficient Y39 to females with low functional X*X rDNA content, we see a
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decrease in X" X/Y 39 viability compared to X*X*/0. This suggests that even without 455 arrays,
the Y chromosome can act to silence the attached-X rDNA arrays. However, when Y39 is
introduced to females carrying phenotypically wild-type (non-bobbed) XX chromosomes, Y39
has no effect on viability.

These divergent results can be understood in light of what is already known about
regulation of the rDNA locus: first, that males can activate the X array if the Y array is
deficient!*, and second, evidence that a cell can “sense” which operons in an array are inserted
by R1 or R2 and preferentially optimize transcription to transcribe the fewest number of inserted
arrays>*. More specifically, females of Drosophila simulans can exhibit their own nucleolar
dominance, preferentially expressing rDNA from a single X chromosome if the homologous
chromosome is heavily inserted with R and R2 elements*. I hypothesize that the negative effects
of Y39 introduction into a strain with low X*X rDNA copy numbers may stem from both of
these systems being activated: the low chrY rDNA content initiates transcription of the X arrays,
but as the X arrays are heavily inserted with R/ and R2, the mechanism that silences them is also
activated. The result is minimal rRNA transcription occurring. When these same regulatory
systems are activated when Y39 is introduced to non-bobbed females (assumed to carry XX
with normal numbers of TDNA copies), there is no conflict because the X arrays are able to be
expressed.

The mechanisms underlying YND are not known, but my hypothesis implies that
mechanisms underlying YND and normal rDNA regulation are different. In order to maximize
transcription of uninserted operons, there must be a sensing mechanism that is a regular part of

rDNA regulation. The evidence I present in Chapter 2 suggests the mechanism to sense Y
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chromosome dominance and Y chromosome copy number is independent of the system to sense
heavily inserted rDNA operons, and that the two systems do not communicate.

The mechanism by which a chromosome senses uninserted arrays may also underlie our
base loss-of-Y phenotype: that XX chromosomes carrying inversions lose copies of uninserted
rDNA operons when maintained with a Y chromosome. YND normally acts on a single X
chromosome locus, yet X*X chromosomes may have one or multiple loci, depending on if
inversions break up the rDNA arrays. If a XX chromosome has multiple arrays, the Y-silencing
effect may not act upon all the loci, perhaps focusing only on the dominant array or separate
arrays in close proximity to each other. In that case, there may be X" X loci that are small and not
silenced, or that are silenced not via YND, but via the “self-sensing” mechanism. Since rDNA
arrays within an individual undergo concerted evolution to homogenize the sequences and to
eliminate inserted operons, if the homogenization action is focused on only the principal array or
only on spatially amenable arrays, there may be small and/or distally located arrays that
accumulate polymorphisms and transposon insertions. The endogenous self-sensing mechanism
could silence these degenerate arrays under normal conditions, but the loss of XX rDNA that
we observe, due to as-yet undiscovered mechanisms, could necessitate their activation. This
would account for the large fold-change we see in R/ and R2 expression in the Cs10 loss-of-Y
XAX* females (Chapter 1) and the decreased viability of many loss-of-Y X"X* from strains
Cs10, 1277, and 12555 (Chapter 2). All of these genetic changes would be obscured in X*X/Y
females due to the presence of the Y chromosome and rDNA transcription from it.

Additional data presented in Chapter 1 supports these hypotheses. We saw that
introduction of a Y chromosome to an XX chromosome followed by chrY removal in the next

generation has no adverse effect on X" X* viability. We find no adverse effects on viability for
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up to 23 generations. But at generation 23, we do see a small decrease in bristle length. Thus, the
loss of functional rDNA and a potential increase in expression of a (hypothetical) degenerate
array on the X*X chromosome is a gradual process. Future observations of a concomitant
decrease in X*X rDNA cistrons and an increase in R/ and R2 expression would further support
these observations.

Investigating the arrangement of the rDNA loci on X*X chromosomes will be essential to
further understand the mechanisms driving the LOY phenotype. This can be done using DNA
FISH or a similar technology. While the duration of X*X exposure to chrY needed to induce loss
of XX rDNA remains unknown, I have established that C(7)M4 from strain 995 with the Ys
chromosome require at least one year before any bobbed phenotype is observed. Thus, it would
be ideal to assess the copy number and arrangement of the XX loci before and after chrY
introduction, at multiple time points, to observe changes to the locus. It would be particularly
beneficial to use R/- and R2-specific probes to observe whether or not their localization changes
and whether their copy number changes.

Similarly, it would be advantageous to further investigate Y-nucleolar dominance in X*X
females and unequivocally demonstrate its occurrence in the Cs10 strain. As we observe that the
loss-of-Y phenotype only manifests in inversion-carrying X*X chromosomes, I would like to
investigate whether YND occurs in all X*X/Y females or if the phenomenon only occurs in
certain XX configurations. This can be done using a variety of techniques, such as by crossing
to a strain carrying an inducible H3.3-GFP transgene, which will identify sites of active
transription', or via RNA FISH. A benefit to using RNA FISH is that expression of specific

sequences can be probed, such as R/ and R2 transcription.
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Additionally, while we see no substantial phenotypes in X*Y/0 males upon introduction
or removal of a free chrY, it is unknown how YND would operate in a fly with two Y
chromosomes and it would help understanding of how YND is sensed and initiated by observing
the interaction of two Y chromosomes. I propose investigating the number and arrangement of
rDNA loci on XY chromosomes, as well as documenting which arrays are transcribed.

Understanding chromatin regulation is key to understanding the LOY phenotypes, but it
is also central to my work investigating how position-effect variegation responds to
environmental exposures, which I present in Chapter 3. The basic mechanism of traditional PEV
is understood: the first occurrence was documented by H.J. Muller in 1930, when an X-ray-
induced inversion moved the white gene to a heterochromatic boundary and caused its stochastic
silencing’. Further PEV research was done by examining mutations that could modify the
phenotype, revealing scores of chromatin-associated proteins and modifying enzymes that can
inhibit or enhance heterochromatin formation®. Our observation that environmental exposures
can also suppress or enhance heterochromatin at the white™¢* Jocus indicates that external
factors can modify chromatin state, as well. The process by which this occurs is as-yet unknown.
I demonstrate that the histone deacetylase enzyme HDAC4 appears to have a primary role in
establishing the heterochromatin domain after cadmium chloride exposure, but whether CdCl»
acts directly on the enzyme or initiates a cellular response that results in HDAC4 activation is
unclear.

This research focused primarily on the w”* locus, but our gene expression data indicates a
genome-wide response that can be partitioned into coherent stress- and immune-response gene
ontology pathways, and into genes whose differential expression can be tied to their chromatin

state. I believe it is important to further investigate the genome-wide response of environmental

192



chemical exposures. Our use of PEV as a screening mechanism is advantageous because it is
quick and provides an easy read-out. This is an ideal first step to identify compounds that have
the potential to alter heterochromatin genome-wide. The next step is to further identify what
regions of the genome are responsive to chemical exposure. This could be done using a method
like ATAC-seq that captures open chromatin sites and identifies genomic regions that are
nucleosome-bound or nucleosome-free’. This would allow us to (a) identify which genes and
genomic regions are more or less accessible after chemical exposure, and (b) correlate those

1'°, such as specific

regions to dominant chromatin features as assigned by Kharchenko et a
histone modifications or chromatin-associated proteins. Thus, we could identify genomic regions
with chromatin features that specifically respond to chemical treatment and further identify the
regulatory mechanisms perturbed.

Finally, chapter 4 gives a broader picture of the impacts that heterochromatin can have on
human health. I catalog documented effects of Y chromosome haplogroup on risk of coronary
artery disease in humans, non-random X inactivation in B cells of females carrying an X-linked
immune deficiency, and sex chromosome-mitochondrial interactions that impact aging in D.
melanogaster males and not females.

Together, these chapters describe how heterochromatin — an often-ignored fraction of the
genome, frequently non-assembled in reference genomes, and regularly removed from RNA-seq
analyses — can have profound consequences on cis and trans gene regulation. Attempts to
understand epigenetics, especially how genomes interact with the environment and how genetic

background mediates such interactions, will necessitate a fuller understanding of the endogenous

role that heterochromatin has in regulation gene expression and downstream phenotypes.
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