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Birds have a sex chromosome system in which females are heterogametic (ZW) and
males are homogametic (ZZ)'. The differentiation of avian sex chromosomes from
ancestral autosomes entails the loss of most genes from the W chromosome during
evolution'?. However, the extent to which mechanisms evolved that counterbalance
this substantial reduction in female gene dosage remains unclear. Here we report
functional in vivo and evolutionary analyses of a Z-linked microRNA (miR-2954) with
strong male-biased expression, previously proposed to mediate avian sex chromosome
dosage compensation®. We knocked out miR-2954 in chicken, which resulted in early
embryonic lethality in homozygous knockout males, probably driven by specific
upregulation of dosage-sensitive Z-linked target genes. Evolutionary gene expression
analyses further revealed that these dosage-sensitive target genes underwent both
transcriptional and translational upregulation on the single Z in female birds.
Altogether, this work unveils a scenario in which evolutionary pressures following

W gene loss drove transcriptional and translational upregulation of dosage-sensitive
Z-linked genesin females but also their transcriptional upregulationin males. The
resulting excess of transcripts in males, resulting from the combined activity of two
upregulated dosage-sensitive Z gene copies, was in turn offset by the emergence of a
highly targeted miR-2954-mediated transcript degradation mechanism during avian

evolution. This study uncovered a unique sex chromosome dosage compensation
systeminbirds, in which amicroRNA has become essential for male survival.

The emergence of sex chromosomes from ancestral autosomes dur-
ing amniote evolution (Fig. 1a) involved extensive gene loss on the
sex-specificchromosomes, which arethe Y in male-heterogametic XY
systems and the W in female-heterogametic ZW systems'**, To coun-
ter gene dosage reductions in the heterogametic sex, compensatory
mechanisms evolved"**. In placental and marsupial (therian) mammals
(Fig. 1a), male dosage reductions are primarily offset by an approxi-
mately twofold increase in the expression level of many genes on the
single X chromosome through upregulation at both transcriptional
and translational layers* ¢, restoring ancestral expression levels in
males, along with extra mechanisms*®. The resulting overexpression
of X-linked genes in females, owing to two upregulated X chromo-
somes (therian upregulation mechanisms are not male-specific), is
secondarily compensated by X inactivation, mediated by X/ST and
RSXlong non-coding RNAs (IncRNAs) in placentals and marsupials,
respectively”®. By contrast, the XY system of green anole lizards fea-
tures a male-specific twofold transcriptional upregulation, akin to

that of fruitflies®, making female X inactivation unnecessary. Across
these systems, the combined effects of different mechanismsresultin
similar expression outputs between the sexes for most X-linked genes**.

Inthe avianZW system (Fig. 1a), the Z-linked gene expression output
is substantially higher in ZZ males than in ZW females*'°2, and both
the extent and mechanisms of dosage compensation remain poorly
understood. Previous studies have shownincomplete transcriptional
upregulation of Z-linked genes in females, probably because of partial
upregulation across many genes or full upregulation of only a sub-
set, resulting in transcript levels below those of ancestral autosomal
genes>’. By contrast, males retain ancestral expression levels from
their two Z chromosomes®®, leaving it unclear whether they have been
affected by any upregulation mechanism. However, the relatively bal-
anced expression of dosage-sensitive genes between the sexes suggests
thatavian dosage compensation specifically targets these genes™. We
recently identified aZ-linked microRNA (miRNA; miR-2954) thatis pre-
dominantly expressed in males (approximately 5-fold to 10-fold higher
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Fig.1|Role of miR-2954 in male chicken development. a, Overview of major
known sex determination systems inamniotes®>°: ZW in birds (icons indicate
chicken and ostrich, marking the deepest divergenceinbird phylogeny),
temperature-dependent sex determination (TSD) in crocodiles, XY in Iguania
lizards (iconreflects the green anole), multiple (5Xand 5Y) sex chromosomes
inplatypusand XY in humans. The approximate divergence times in million
years (Myr) areindicated at the respective nodes. Note that the XY sex
chromosomesinlizards and humans have evolved independently from different
ancestral autosomes. b, Schematic of the experimental design used for the
generation of miR-2954 KO chickens across generations (GO-G3) on the basis
of genome editing (CRISPR-Cas9 with single guide RNA (sgRNA)) in PGCs and

thanthatin females across tissues and embryos***) and with predicted
targets that are mainly Z-linked dosage-sensitive genes that show more
balanced expression between sexes than other Z-linked genes?, suggest-
ing akey role for miR-2954 in avian dosage compensation.

Here we assessed the function of miR-2954 in vivo by using a chicken
knockout (KO) model. Combined with evolutionary genomics analyses,
our study clarified the mechanisms, extent and importance of avian
sex chromosome dosage compensation.

Generation of miR-2954 chicken KO

To investigate the function of miR-2954, located in an intron of the
host gene XPA (Extended Data Fig. 1), we generated chicken KO
lines by genome editing primordial germ cells”?® (PGCs) (Fig. 1b,
Extended Data Fig. 1and Supplementary Table 1). Using a high-fidelity
CRISPR-Cas9 system", to minimize potential off-target mutations
and homology-directed repair?’, we deleted both copies of the miR-
2954 locus (Z¥°Z*°) in male-embryo-derived PGCs™?. These edited
PGCs were injected into surrogate embryos lacking endogenous
germ cells'®?, producing a gonadal chimaeric rooster (generation O
(G0)). The GO male matured and successfully mated with six wild-type
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outcrossings (OCs), and the assessment of the resulting phenotypes (see Methods
and Extended Data Fig. 1for details). Therestriction enzyme (RE) site used for
genotypescreening and homology-directed repair (HDR) template areindicated.
¢, Distribution of live and dead second-generation (G2) embryos, categorized
by genotype (female wild-type ZW, female hemizygous KO Z“°W, male
heterozygous KO Z*°Z and male homozygous KO Z¥°Z¥°) and embryonic day of
development. Numbers above the barsindicate the total number of embryos
analysed for each subgroup. d, Kaplan-Meier survival curves showing survival
rates forembryos with different genotypes during development. e, Distribution
ofliveand dead third-generation (G3) embryos at embryonic day 14, grouped
by genotype.

hens, generating outcross generation1(OC G1) offspring: hemizygous
females (Z*°W) and heterozygous males (ZX°Z). OC G1 birds showed
no deleterious phenotypes, reached sexual maturity and produced
viable offspring (Fig. 1b). Mating OC G1 males and females produced
second-generation (G2) embryos (ZW, Z*°W, Z¥°Z and Z¥°Z*°). Addi-
tionally, mating an OC G1 male with wild-type females yielded a sec-
ond outcross generation (OC G2), which was interbred to generate
third-generation (G3) embryos, enabling the confirmation of G2
phenotypes (Fig. 1b).

Our KO strategy allowed phenotypic comparisons among outbred
sibling birds of different genotypes, thus minimizing genetic back-
ground variability. Repeated outcrossing effectively ruled out auto-
somal off-target edits because any such mutations would need to be
closely linked to the Z-chromosomal miR-2954 deletion. To exclude
this possibility, we performed deep long-read genome resequencing
of five homozygous KO males and four wild-type controls using adap-
tive sampling?, selectively enriching Z-chromosomal sequences to
approximately 10-fold to 32-fold coverage (Extended Data Fig. 2a,b).
These analysesrevealed only the intended 36-bp miR-2954 deletionin
KO birds, with no other structural variations, confirming the absence
of off-target edits (Extended Data Fig. 2c).



Requirement of miR-2954 for male survival

To assess the phenotypic consequences of miR-2954 KO, we exam-
ined the viability of 297 G2 embryos at embryonic (E) days E3, E4-5
and E7-13, evaluating morphology and heartbeat under a stereomi-
croscope (Supplementary Table 2 and Supplementary Data1and 2).
Wild-type female (ZW), hemizygous female (Z°W) and heterozygous
male (ZX°Z) embryos had statistically indistinguishable survival rates
of approximately 79-85% (P> 0.15; two-sided y* test) (Fig. 1c,d). These
observations demonstrate that miR-2954 is dispensable for female
development, which is consistent with its very low expression in
this sex?, and haplosufficient in males. By contrast, all Z*°Z*° males
died before E7, demonstrating significantly higher lethality (P<107%;
two-sided y* test) (Fig. 1c,d). Analysis of 45 more embryos from genera-
tion 3 (G3) at E14 confirmed these results, again showing 100% lethality
in Z*°Z*° males, whereas all other genotypes exhibited high survival
rates (approximately 86-100% for all other genotypes; Fig. 1e). Notably,
the restriction of lethality to homozygous KOs further confirms the
absence of off-target edits on autosomes or distant Z-chromosomal
regions because these would also affect heterozygous or hemizygous
embryos.

Altogether, thisstudy revealed that miR-2954 is male-essential, mak-
ing it the only known sex-specific essential miRNA identified across
taxaso far.

Derepression of Z-linked genes in KOs

Although miRNAs canrepress translation, they predominantly regulate
target mRNA abundance by guiding Argonaute proteins to complemen-
tary sites in the 3’ untranslated region (UTR) through short (6-8 nt)
seed sequences, causing mRNA degradation® %, To investigate the
molecular basis of the male-lethal phenotype in miR-2954 homozygous
KO embryos, we systematically compared genome-wide transcript
abundancebetween KO and wild-type embryos. For this, we generated
RNA sequencing (RNA-seq) data for male and female embryos, as well
asforthehead, heartand therest ofthebody of E3 and E5 males across
allKO and wild-type genotypes (Extended Data Fig. 3a).

On the basis of these RNA-seq data, we first assessed gene expres-
sion changes between male homozygous (Z*°Z*°) KO and wild-type
(ZZ) embryos. To link potential expression changes to miR-2954 loss,
we predicted its potential targets using TargetScan®, screening for
complementary 6-8 ntseed sequencesinthe 3’ UTR (Supplementary
Table 3). Predicted Z-linked and autosomal miR-2954 targets showed
significantly greater increases in transcript abundance in KOs thanin
non-target genes (Fig. 2a (left and middle) and Supplementary Table 4),
consistent with miRNA-mediated repression and miR-2954 removal
in KO embryos. However, the predicted Z-linked targets displayed
markedly higher upregulation (median log,[fold change] (log,[FC]):
whole embryo, 0.41; head, 0.45; heart, 0.48; body, 0.48) than auto-
somal targets (median log,[FC]: whole embryo, 0.01; head, O; heart,
-0.01; body, 0.01), which were minimally affected (Fig. 2a (left) and
Extended Data Fig. 3c).

Using high-quality ribosome profiling (or ribosome sequencing
(Ribo-seq)) data (Extended Data Fig. 4), which measures protein synthe-
sisrates at high resolution?”, and matched RNA-seq data, we confirmed
that the pronounced upregulation of Z-linked targets in KO embryos
extendstothetranslational level. Specifically, Z-target genes displayed
similarly elevated expressionlevelsin this expression layer compared
to other genes (Extended Data Fig. 5a), indicating that translational
buffering does not mitigate miR-2954 loss in KO males, and Z-linked
protein abundance is indeed elevated. Moreover, the comparable
extent of upregulation at both the transcriptome and translatome
layers suggests that miR-2954 primarily reduces target mRNA stability
rather thanrepress translation, consistent with the predominant mode
of action of miRNAs in most contexts® >,

To identify the genes that drive these patterns, we used DESeq2
(ref. 28) to compare the transcript levels between ZX°Z° and wild-type
(ZZ) embryos. Approximately 50% of the 375 predicted Z-linked target
geneswere significantly differentially expressed acrosstissues (Fig. 2a
(right)), whereas only approximately 3-5% of the 3,383 predicted auto-
somal targets showed expression differences, a proportion only slightly
higher than that for autosomal non-target genes (approximately 2-5%)
(Fig. 2a). Among the differentially expressed genes, the vast majority of
Z-linked targets (approximately 99-100%) were upregulated compared
with approximately 38-54% of differentially expressed autosomal
targets (P<107; two-sided x? test). Supporting the role of miR-2954,
whichis broadly expressed throughout development>", inrepressing
Z-linked transcript abundance, we found that approximately 54% of
Z-linked targets showed consistent upregulation across tissues in KO
embryos, in stark contrast to predicted autosomal targets (Fig. 2b).

We also observed that 26-35 predicted non-target Z-linked genes
were differentially expressed between Z*°Z¥° and wild-type ZZ embryos,
with approximately 71-92% of these being upregulated, levels compa-
rableto those of predicted Z-linked targets (approximately 99-100%),
andsignificantly higher than those of autosomal non-targets (approxi-
mately 38-54%) (all Pvalues <107%; two-sided x* test) (Fig. 2a). These
findings probably reflect false negatives in the Z-target predictions,
potentially owing to non-canonical binding sites (for example, within
gene bodies), incomplete UTR annotations in the chicken genome or
indirect effects stemming, for example, from the repression of tran-
scription factors that regulate other Z-linked genes. Thus, miR-2954
may directly orindirectly regulate more Z-linked genes than currently
predicted. Notably, this could include XPA, the host gene of miR-2954,
whichisnota predicted target but is significantly upregulated in KOs
(log,[FC] of approximately 0.6-1.2) relative to controls (Supplemen-
tary Table 4).

We next examined gene expression changes in male heterozygous
(Z°Z) KO embryos. Similar to the pattern observed in homozygous
KOs (Z¥°Z¥°), Z*°Z embryos showed predominant upregulation of the
predicted Z-linked target genes (Fig. 2c and Extended Data Fig. 6). How-
ever, the magnitude of upregulation was significantly lower, consistent
with the presence of one intact copy of the miR-2954 locus, enabling
partial repression of its targets and explaining the absence of a lethal
phenotypeinthese embryos. Small RNA-seq data analysis of E5 males
confirmed that miR-2954 expression in Z*°Z embryos was reduced
by 15-48% compared to the wild type and, as expected, completely
absent in Z*°Z*° embryos (Fig. 3a). Global miRNA profiling revealed
high miR-2954 expression in males across tissues and developmental
stages®™, with no changes in other miRNAs upon miR-2954 KO (Fig. 3b,c
and Supplementary Table 5), reinforcing the specific role of miR-2954
inthe observed regulatory and phenotypic effects.

Infemale hemizygous (Z*°W) embryos, we also observed upregula-
tion of predicted Z-linked target genes compared to wild-type controls,
although the effect was substantially weaker than that in male het-
erozygotes (Z*°Z) (Fig. 2c). This patternis consistent with the 7-fold to
15-fold lower expression of miR-2954 in females>** (Fig. 3¢; see above)
andthelack of any observable deleterious phenotype in Z*°W embryos.

To understand why miR-2954 preferentially targets Z-linked
genes, as reflected in the disproportionately high upregulation of
these targets in KO embryos, we examined features known to influ-
ence miRNA-mediated repression. Repression efficacy is primarily
determined by seed-UTR complementarity, with 8-mer binding sites
exerting the strongest effects and several target sites withina 3’ UTR
amplifying repression®?. Other factors, including seed-pairing sta-
bility, local sequence context and site position, were integrated into
TargetScan context+score?. Consistent with these principles, Z-linked
targets were significantly enriched for 8-mer sites and several seed
matches (6-8 nt) relative to autosomal targets (Fig. 4a), and they also
exhibited significantly lower context+scores, indicating a greater sus-
ceptibility to repression by miR-2954 (Fig. 4b).
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Fig.2|Impact of miR-2954 KO on gene expression in different tissues.

a, Left, log,[FC]in gene expression between ZX°Z*° and ZZ genotypes for
autosomal (n=16,142) and Z-linked (n = 865) protein-coding genes; Pvalues
from two-sided Wilcoxon rank-sum tests are shown above. The log,[FC] estimates
were on the basis of transcriptomes of E3 and E5 embryos from head, heartand
body tissues (n =3 biological replicates per tissue, genotype and developmental
stage) using a statistical model thataccounts for embryonic age. Middle,
volcano plots showing the log,[FC] and -log,, of Benjamini-Hochberg P,;
values for predicted miR-2954 target and non-target protein-coding genes
compared with the Z*°Z*° and ZZ genotypes. Right, proportions of autosomal
and Z-linked target and non-target genes among differentially expressed (DE)
genes (Benjamini-Hochberg P,y < 0.05) compared with the Z°Z*°and 2z

To validate the male-specific essentiality of miR-2954 and confirm
its mechanism of action, we performed an orthogonal in vivo knock-
down using an miR-2954-specific inhibitor (that is, complementary
chemically modified oligonucleotides that sequester miR-2954) and a
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genotypes. Thedistribution of the predicted targets and non-targets of miR-
2954 was compared using a y*test for each group. b, Overlap of Z-linked and
autosomal differentially expressed genes acrosstissues. ¢, Thelog,[FClingene
expression of autosomal and Z-linked target and non-target protein-coding
genes infemale hemizygous (Z*°W), male heterozygous (Z*°Z) and male
homozygous (Z*°Z*°) genotypes compared with the corresponding wild-type
controls. Pvalues fromatwo-sided Wilcoxon signed-rank test assessed
differencesinlog,[FC] of Z-linked targets (n = 375) between Z*°W and Z¥°Z and
between Z¥°Z and Z¥°Z¥° genotypes. The log,[FC] estimates were on the basis
ofthe transcriptome of the whole embryos at E2. Allbox plots show the median,
25th-75th percentiles and whiskers extending to1.5x the interquartile range (IQR).

delivery reagent (Methods). Consecutive injections at E2.5 and E4 led
tosignificantly increased mortality in male knockdown embryos by E12,
compared to both female knockdown embryos (P=0.0005; two-sided y*
test) and negative controls (P=0.0006; two-sided y* test) (Extended Data
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Fig.3 | Expression patterns of miR-2954 and other miRNAs across tissuesin
control and KO embryos. a, Distribution of expression levels (fragments per
million mapped reads (FPM)) of miR-2954 in ZZ (n = 2), Z¥°Z (n = 3) and ZX°Z¥°
(n=3)genotypesacross head, heartandbody atES. Individual data points are
overlaid withjitter. b, MA plot showing mean expression and log,[FC] of mature
miRNAs (n = 674) when comparing Z¥°Z*° and ZZ genotypes across tissues.
miRNAs withsignificantexpression changes (Benjamini-HochbergP,q;

value <0.01) areshowninred. For miR-2954, Benjamini-Hochberg P, values

Fig. 7a,b). The qPCR analysis of E5 male hearts showed significant upreg-
ulation of five out of eight target genes (Benjamini-Hochberg-adjusted
P (P,4;) <0.1) and host gene XPA, whereas non-target genes remained
unaffected (Extended Data Fig. 7c). On average, target genes showed a
substantially higher fold change (meanlog,[FC] =1.06) than non-target
genes (meanlog,[FC]=0.17; P=0.011; paired t-test). Theseresults further
confirmed that the male-lethal phenotype stems from miR-2954 loss
rather than off-target effects. Moreover, the significant upregulation
of XPA in knockdown animals (P,; = 0.03), as also seen in KO embryos,
indicates thatitis indirectly regulated by miR-2954, probably through
atranscriptional activator thatisitself a direct miR-2954 target.
Overall, these results demonstrate that miR-2954 specifically targets
Z-linked genes and that, therefore, its removal leads to their upregu-
lation, with lethal consequences in homozygous male KO embryos.

Targeting of dosage-sensitive Z genes

To understand why the upregulation of Z-linked miR-2954 targets
is lethal in Z*°ZX° embryos, we analysed these genes in more detail.

werelessthan1x107¥for all tissues. ¢, Normalized expression (2°") of miR-
2954 across the bursa of Fabricius (BF), bone, brain, heart, intestine, liver and
musclein male and female chickenembryos at E12 on the basis of reverse
transcription-quantitative polymerase chain reaction (RT-qPCR) (n = 3).
Benjamini-Hochberg P,; values from two-sided t-tests are shown above.
Individual data points were overlaid withjitter. Allbox plots show the median,
25th-75th percentiles and whiskers extending to1.5x the IQR.

We focused on ‘experimentally validated’ targets that were predicted
to be Z-linked genes and were significantly differentially expressed
in at least one tissue of homozygous male KOs, suggesting that they
represent actual targets of miR-2954 (Supplementary Table 3). This set
comprised 249 genes (248 upregulated), representing approximately
66% of all 375 predicted Z-linked targets and approximately 29% of the
865 Z-linked protein-coding genes.

We nextinvestigated whether the experimentally validated Z-linked
targets were dosage-sensitive, as suggested by the deleterious effects
oftheir upregulationinhomozygous male KOs. Ohnologues, whichare
gene duplicates retained from two rounds of whole-genome duplica-
tioninvertebrate ancestors®?*°, are often dosage-sensitive because of
their enrichmentin developmental pathways and protein complexes®.
We found that 49% (98 out of 200) of all Z-linked ohnologues were
among the validated targets, representing a significant enrichment
compared to other Z-linked genes (Fig. 4¢).

Giventhatnotall dosage-sensitive genes are ohnologues, and notaall
ohnologues are necessarily dosage-sensitive, we assessed dosage sen-
sitivity across the entire Z chromosome using aresource that estimates
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(Pred-Auto) and Z-linked (Pred-Z) miR-2954 targets with 8-mer binding sites
(left) or severalsites (right); Pvalues from two-sided y* tests. b, The context+
scores of Pred-Auto (n=1,892) and Pred-Z (n =321); Pvalue from two-sided
Wilcoxon rank-sumtest. ¢, Proportions of experimentally validated Z-linked
targets (Exp-Z) and other Z-linked protein-coding genes (Other-Z) among chicken
ohnologues; Pvalue from two-sided x test. d, Probabilities of haploinsufficiency
(pHaplo) and triplosensitivity (pTriplo) between Exp-Z (n = 210) and Other-Z
(n=320) genes, splitby ohnologue status; Pvalues from two-sided Wilcoxon
rank-sumtests. e, Tissue and developmental tau scores (0, broad; 1, specific)
between Exp-Z (n=248) and Other-Z (n=461) genes; Pvalues from two-sided
Wilcoxon rank-sum tests. f, Median and IQRs of the ratios of current versus
proto-Z (ancestral) expression for Z-linked non-targets (n =193) and Exp-Z
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genes (n=201) for males and females on the log, scale. Reference lines indicate
theratios of -1 (half-ancestral expression), O (equal expression) and 1 (twofold
ancestral expression). Statistical significance isshown as two one-sided test
(TOST) Wilcoxon equivalence test (green, within 0.5 of reference; grey, not
significant) and two-sided one-sample Wilcoxon test (red, significant deviation;
grey, notsignificant). g, Thelog, female-to-male expression ratios for Exp-Z
and Other-Z with fragments per kilobase million (FPKM) greater than onein the
brain (n=236), cerebellum (n=220), heart (n =225), kidney (n=229) and liver
(n=237); Pvalues from two-sided Wilcoxon rank-sum tests. h, Distribution of
Exp-ZandPred-Z genesin 0.5-Mbwindows along the Z chromosome. Thelocations
of MHMregions1and 2(MHM1and MHM2, red lines) and miR-2954 (green line)
areindicated; Pvalue from atwo-sample Kolmogorov-Smirnov test. Allbox plots
show the median, 25th-75th percentiles and whiskers extending to 1.5x the IQR.



triplosensitivity (overexpression intolerance) and haploinsufficiency
(deletion intolerance) for all human autosomal protein-coding
genes®, transferred to the chicken genome by means of correspond-
ing Z-linked 1:1 orthologues (Supplementary Table 3). As expected,
Z-linked ohnologues showed significantly higher triplosensitivity and
haploinsufficiency scores than other Z-linked genes (Fig. 4d). Notably,
non-ohnologue Z-linked experimental targets also exhibited signifi-
cantly higher scores than other non-ohnologues, indicating that miR-
2954 broadly regulates dosage-sensitive genes beyond the ohnologue
subset. The strong upregulation of these genes in the Z*°Z*° embryos
probably underlies the observed lethality.

Tofurther explore the lethality resulting from upregulated Z-linked
miR-2954 targets in Z¥°Z¥° embryos, we examined their spatiotempo-
ral expression patterns. Expression pleiotropy, the breadth of gene
expression across tissues and developmental stages, is a key predic-
tor of mutational sensitivity, given that broader expression typically
implies stronger functional constraint®, Using a developmental tran-
scriptome resource from our laboratory** (Supplementary Table 6),
we found that Z-linked targets exhibited significantly broader spati-
otemporal expression than other Z-linked genes (Fig. 4e), reinforc-
ing their essential roles and helping explain the severe phenotype in
homozygous male KOs.

Consistent with these findings, functional analyses showed that
Z-linked target genes areinvolvedincritical developmentalroles, par-
ticipating in key biological pathways, such as JAK-STAT?, PI3K-Akt*®,
Rapl (ref. 37), stem cell pluripotency signalling, growth hormone
synthesis, and essential processes, including nervous system devel-
opment, cell proliferation, apoptosis regulation, Golgi organization
and cell adhesion (Supplementary Table 7). Notable examplesinclude
dosage-sensitive ohnologues, such as PTCH1, which encodes the Sonic
Hedgehog receptor®, and the transcription factor KLF9 (ref. 39). The
targets also include broadly expressed genes with essential cellular
and developmental functions, such as RAD23B*°, and more specialized
genes required for organ-specific development, such as TAL2 for the
brain* and ALPK2for the heart*.

Giventhe substantial number of indirectly regulated or unpredicted
direct targets (see above), we sought to comprehensively assess the
effect of miR-2954 on Z-linked gene regulation. Using our previous
RNA-seq dataset® (Supplementary Table 6), weidentified 576 Z-linked
genes expressed during chicken development and analysed their
expression in homozygous male KOs, expanding beyond the initially
predicted targets. Of these, 311 genes were significantly upregulated
in at least one tissue (Benjamini-Hochberg P, < 0.1; log,[FC] > 0.2),
suggesting direct or indirect regulation by miR-2954. Notably, 64 of
these genes were not computationally predicted as targets yet exhib-
ited significantly higher triplosensitivity and haploinsufficiency scores
than non-predicted non-differentially expressed genes (Extended
DataFig. 8 and Supplementary Table 3), indicating that they prob-
ably include true indirect or previously unrecognized direct targets.
Combined with the 247 upregulated predicted targets consistently
upregulated across tissues, approximately 54% (311 of 576) of devel-
opmentally expressed Z-linked genes were affected by miR-2954 loss,
highlightingits broad regulatory scope and helping explain the severity
of the KO phenotype.

Consistent with the broad spatiotemporal expression and diverse
developmentalroles of miR-2954 targets, Z*°Z° embryos exhibited var-
ious abnormalities before E7, including delayed growth, small eyes and
brains and stunted axial elongation, with many embryos fully degraded
by later stages (Supplementary Data 1and 2). These phenotypes prob-
ably reflect the cumulative effects of upregulated dosage-sensitive
Z-linked developmental genes, resulting in lethality by E5, a critical
phase of increased blood circulation and rapid growth and differentia-
tion of key structures, such as the allantois and vasculature. Disruptions
incardiovascular development, metabolic regulation, organogenesis
and/or cell differentiation probably contribute to this lethality. Notably,

the timing and variability of the miR-2954 KO phenotype resemble
those in Xist KO mice, where loss of this IncRNA, which is essential for
secondary dosage compensation in placental mammals, also causes
lethality in a similar developmental window** (E5-E12).

Mechanisms of avian dosage compensation

The essential and highly specific role of miR-2954 in repressing
dosage-sensitive Z-linked genes in males, along with the overall only
partial transcriptional upregulation of Z-linked genes in females,
whereas males retained ancestral expression levels®’, suggests an
overallmodel for the evolution of dosage compensationin birds. We
suggest that W chromosome gene loss during sex chromosome dif-
ferentiation exerted selective pressure on females, driving transcrip-
tional and potentially translational® upregulation of dosage-sensitive
genesonasingle Z, thereby restoring ancestral (proto-Z) expression
levels. This upregulation also probably occurred in males, where two
Z-linked gene copies caused transcript overabundance, prompting
the evolution of a compensatory mechanism: miR-2954-mediated
degradation of the excess transcripts. In this model, female gene
upregulation and male-specific repression by miR-2954 would align
the expression levels of dosage-sensitive Z-linked genes between
sexes, yielding more balanced outputs than those observed for other
Z-linked genes.

Totest thismodel of dosage compensation evolution, we first inves-
tigated whether dosage-sensitive Z-linked genes targeted by miR-2954,
thatis, those upregulated in males upon miR-2954 KO, have also become
upregulated in females over evolutionary time. We addressed this by
comparing their current expression levels in female birds with their
inferred ancestral levels before sex chromosome differentiation using
an RNA-seq dataset for adult organs® (Methods). Ancestral (proto-Z)
expression levels were estimated on the basis of the expression of
autosomal 1:1orthologues in mouse, an outgroup species—a method
previously shown to reliably approximate ancestral gene expression
patterns*>°*,

This analysis confirmed that Z-linked miR-2954 target genes have
indeed become significantly upregulated in females over evolution-
ary time across several organs, with current-to-ancestral expression
ratios exceeding 0.5 (log, ratio greater than 1), unlike other Z-linked
genes (Fig. 4f). In males, the expression levels of both targets and
non-targets remained close to the ancestral levels (log, ratio = 0),
consistent with the presence of two Z copies and miR-2954-mediated
repression, which was absent in the KO model. Notably, analyses of
brain Ribo-seq data showed even stronger upregulation of Z-linked
targets in females, with expression levels statistically indistinguish-
able fromthe ancestral values (Extended Data Fig. 5b). These findings
indicate that the combined transcriptional and translational upregula-
tioninfemales can fully restore ancestral (proto-Z) expression levels,
similar to the scenario we previously reported for X-linked genes in
therian mammals®.

We next tested the final prediction of our dosage compensation
model: Z-linked target genes, owing to the interplay of compensa-
tory mechanisms, should exhibit more similar expression levels
between the sexes than other Z-linked genes. Using a comprehen-
sive RNA-seq dataset covering several organs and developmental
stages®, we found that female-to-male expression ratios were indeed
significantly higher for Z-linked targets across all samples (Fig. 4g),
indicating a more sex-balanced expression of these genes. Notably,
Ribo-seq data from the adult brain and embryonic head showed
even higher female-to-male ratios than RNA-seq data, with expres-
sion levels in the adult brain statistically indistinguishable between
sexes for Z targets (log, ratio = 0; Extended Data Fig. 5¢). These find-
ings indicate that translational upregulation in females, reflected
by higher translational efficiencies of Z-linked mRNAs in this sex
(Extended DataFig. 5d; see alsoref. 45), together with transcriptional
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upregulation in both sexes and miR-2954-mediated mRNA degrada-
tion in males, can lead to full protein-level dosage compensation of
Z targets.

Finally, we examined the genomic distribution of Z-linked targets
along the Z chromosome and found them to be relatively evenly dis-
persed (Fig. 4h), withno notable clustering around the two previously
identified male hypermethylated (MHM) regions specific to galliform
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Pred-Auto Pred-Z Pred-Auto Pred-Z

identified by experimental datain chicken (Exp-Z) and predicted Z-linked
targetsin chickenand zebrafinch (Pred-Z). The Venn diagram shows the
number of shared and unique targets across datasets. d, Proportions of miR-
2954 target genes on autosomes (Pred-A) and Z chromosome (Pred-Z) in
chicken thatare shared with zebra finch. The two-sided x* test Pvalue is shown
above. e, Proportions of Pred-A and Pred-Z genes with at least one target site
conserved between chicken and zebra finch. The two-sided x* test Pvalue for
the comparisonisindicated above.

birds (chicken and turkey), which have been proposed as localized
dosage-compensated regions in this lineage***’.

Altogether, our findings strongly support a model for the evolution
of dosage compensationin the avian ZW system, in which W chromo-
some gene loss in females drove the transcriptional upregulation of
dosage-sensitive Z-linked genes in both sexes, accompanied by trans-
lational upregulation in females. In males, this overexpression was



secondarily balanced by the evolution of atargeted miR-2954-mediated
transcript degradation mechanism (Fig. 5a).

Evolution of miR-2954-mediated dosage compensation

Toinvestigate the origin and evolution of this avian dosage compensa-
tion system, we first screened for the presence of the miR-2954 locus
across amniotes (Methods). We found that miR-2954 is present in all
surveyed bird genomes butis absent fromall non-avian species, includ-
ing crocodiles, the closest living relatives of birds, which carry XPA,
the miR-2954 host gene in birds (Fig. 5b and Extended Data Fig. 9).
Remarkably, boththe mature (22 nt) and precursor (68 nt) sequences
of miR-2954 areidentical in 351 of the 363 bird species examined*. The
remaining 12 speciesinclude 2 withasingle nucleotide substitutionin
the precursor region (outside the mature sequence) and 10 with missing
sequence data for this locus (Supplementary Data 3).

To further evaluate the conservation of miR-2954-mediated dosage
compensation, we compared its features between chicken and zebra
finch, representatives of the two major avian lineages Galliformes/
Anseriformes and Neoaves, which diverged approximately 91 million
years ago* and mark the deepest split within Neognathae. Approxi-
mately 78% of experimentally validated Z-linked targets in chicken are
also computationally predicted targets of miR-2954 in zebrafinch, a
species with previously documented male-biased miR-2954 expres-
sion® (Fig. 5¢). Moreover, Z-linked predicted targets in zebra finch
are significantly more likely than autosomal ones to overlap with
chickentargets (Fig. 5d) and show a higher proportion of conserved
binding sites (Fig. 5e). Alongside our earlier finding that Z-linked
targets, especially ohnologues, are preferentially upregulated fol-
lowing miR-2954 knockdown in a male zebra finch cell line?, these
results strongly support a conserved functional role for miR-2954
across species.

Further analyses revealed that miR-2954 target genes are also
enriched on the Z chromosome of the ostrich, a flightless ratite rep-
resenting Palaeognathae, the sister lineage to all other extant birds
(Neognathae), which exhibits less pronounced sex chromosome dif-
ferentiation® (Extended Data Fig. 10a). By contrast, the autosomal
orthologues of Z-linked genes in non-avian reptiles and mammals (such
as crocodiles and humans) show no enrichment. Furthermore, target
site densities are similar between human Z orthologues, other human
autosomal genes and chicken autosomal genes but significantly higher
for chicken Z-linked genes (Extended Data Fig. 10b). These findings
indicate that miR-2954 target sites began accumulating specifically on
the Zchromosomein the common ancestor of modernbirds, following
the emergence of miR-2954.

Altogether, our evolutionary analyses indicate that the avian sex
chromosome dosage compensation system, including the second-
ary miR-2954-mediated mechanism, emerged in the avian stem line-
age between approximately 108 and 245 million years ago*® (Fig. 5b),
coinciding with the origin of the ZW sex chromosomes, and has been
selectively maintained across extant bird species.

Discussion

In this study, using a chicken KO model, we uncovered the function
of miR-2954 and the evolutionary mechanisms underlying avian dos-
age compensation. We propose a scenario in which the decay of the
W chromosome led to transcriptional and translational upregula-
tion of dosage-sensitive Z-linked genes in (ZW) females and second-
arily to transcriptional upregulation in (ZZ) males. To counteract
the resulting transcript overabundances in males, a highly targeted
miR-2954-mediated degradation mechanism evolved. During the
co-evolution of miR-2954 and its targets, this miRNA acquired high
and widespread expression in males, along with the emergence of
strong and often several binding sitesin the regulated genes, enabling

effective suppression and restoring their transcript abundances to
ancestrallevels. Our findings indicate that the miR-2954 mechanismis
conserved across birds, consistent withiits crucial role inavian males.
Indeed, in chicken, complete miR-2954 KO leads to early embryonic
lethality, presumably because of the upregulation of numerous
dosage-sensitive genes with key developmental functions that are
normally repressed by this miRNA.

The avian ZW dosage compensation system unveiled here parallels
that of the therian mammalian XY system'*¢ and aligns with Ohno’s
original hypothesis®. In both systems, gene expression upregulation
was triggered by the degeneration of sex-specific chromosomes—the
Winfemalebirds and the Y in male mammals. Unlike in the XY systems
oftheanolelizard’® or fruitflies®*, where upregulation is restricted to the
heterogametic sex, birds and mammals exhibit upregulation in both
sexes. This non-sex-specific upregulation necessitated the evolution of
secondary silencing mechanisms: in female mammals through X/STand
RSXIncRNAs"** and in male birds through miR-2954. Although both sys-
temsinvolve non-coding RNAs essential for the viability of the heteroga-
meticsex, they differ markedly; birds use targeted post-transcriptional
repression of dosage-sensitive Z-linked genes, whereas mammals use
broad transcriptionalinactivation of the X chromosome. Future studies
may clarify why birds and mammals evolved such distinct solutions,
possibly reflecting differences in the distribution of dosage-sensitive
genes on their respective ancestral autosomes.

Altogether, our study has unveiled a crucial and previously unrec-
ognized role for amiRNA in dosage compensation. Thus, rather than
actingasa ‘sculptor’ of the transcriptome®, like many miRNAs that have
importantbut more subtle regulatory effects on gene expression”, miR-
2954 has evolved into akey mediator of atargeted post-transcriptional
silencing network that has ensured the survival of malesin the wake of
avian sex chromosome differentiation.
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Methods

Ethics information

Allanimal procedures were conducted in compliance with national and
international ethical guidelines and regulations. Mouse experiments
were approved by the local animal welfare authorities at Heidelberg
University Interfaculty Biomedical Research Facility (T-64/17). Chicken
experiments were conducted under UK Home Office licence PP9565661
and approved by the Roslin Institute Animal Welfare and Ethical Review
Board Committee and the Linkdping Council for Ethical Licensing
of Animal Experiments (288-2019). Mice (Mus musculus; strain CD-1;
RjOrl:SWISS; RRID: MGI:5603077) were purchased from Janvier Labs
and euthanized by means of cervical dislocation. All chicken (Hy-Line
Brown; Gallus gallus) management, maintenance and embryo manipu-
lation followed the relevant regulatory guidelines.

Isolating, sexing and culturing PGCs

Genome editing in chickens involves the derivation and culturing of
PGCs, performing genome editing on these cells and the subsequent
injection of the edited cells into surrogate hosts depleted of their
native PGCs?. Following the injection of the genetically edited PGCs
into the gonads of sterile surrogate hosts, the resulting offspring will
inherit the genetic modifications introduced into the PGCs* (Fig. 1b
and Extended Data Fig. 1). To establish miR-2954 KO lines, ten PGC lines
were derived from the blood of Hy-Line Brown chicken embryos at
Hamburger-Hamilton stage 16 (E2.5) and cultured according to previ-
ously described methods?. The sex of the PGC lines was determined
according to previous studies?** on the basis of two sets of primers
for one W-chromosome-specific gene and one autosomal gene (the
control), respectively; the latter serves as a control for polymerase
chainreaction (PCR) success (Supplementary Table 1). We cultured four
male PGC lines and subsequently randomly selected one line for the
KO experiment. This PGC line was cultured for 22 days in total before
transfection.

Design of sgRNA and homology-directed repair template
Inducing double-stranded breaks at specific genomic loci, followed
by homology-directed repair using a template, introduces precise
nucleotide substitutions®. Using CHOPCHOP v.2 (ref. 55), we designed
and tested five custom sgRNAs (Supplementary Table 1) to target the
miR-2954 (MIR2954) locus (Gene ID:100498678), located within the
second intron of the DNA damage recognition and repair factor gene,
XPA (ENSGALG00010009534), on the forward strand of chromosome
Z (location: NC_052572.1: 71305174-71305241; reference genome:
bGalGall.mat.broiler.GRCg7b (GCF_016699485.2)). Additionally, we
designed one single-stranded DNA oligonucleotide (ssODN) sequence
asarepairtemplate to exploit the homology-directed repair pathway.
The ssODN repair template consisted of Ultramer DNA Oligonucleo-
tides, custom-synthesized by Integrated DNA Technologies. The ssODN
template contained homology arms flanking miR-2954, designed spe-
cifically tointroduce a36-bp deletion encompassing the entire mature
miR-2954 sequence and part of its flanking pre-miRNA sequence.
Additionally, we incorporated an EcoRlI restriction endonuclease site
(5’-GAATTC-3") into this ssODN (Supplementary Table 1). These modifi-
cations effectively knock out miR-2954 and allow PCR-based genotyping
for successful deletion events in both PGCs and the derived chickens
(Extended DataFig.1and Supplementary Table 1).

Genotyping

We designed PCR primers to amplify a 550-bp region within the sec-
ond intron of the XPA gene, encompassing the targeted deletion site
(Supplementary Table 1) using Primer-BLAST*®. EcoRI restriction
endonuclease enzyme specifically recognizes and cuts DNA at the
restriction site (5-GAATTC-3’). Following EcoRI digestion of this PCR
product and subsequent gel electrophoresis, we expected to observe

asingle 550-bp band in wild-type individuals (ZZ and ZW) owing to
the absence of the EcoRl restriction site, three bands (550, 298 and
221bp) in heterozygote KO individuals (ZX°Z) owing to digestion of
half of the product and two bands (298 and 221 bp) in homozygote
males (Z¥°Z*°) and hemizygote females (Z“°W) owing to complete EcoRI
restrictionsite digestion. This differential PCR band patternserved asa
molecularsignature for genotyping the individuals. PCR was performed
using Phusion High-Fidelity PCR Master Mix with GC Buffer from New
England Biolabs, in accordance with the manufacturer’s guidelines.
The reaction mixture was prepared using 1.25 pl of 10 pM forward
primer, 1.25 pl of 10 pM reverse primer, 0.75-pl dimethyl sulfoxide,
12.5 pl of 2X Phusion Master Mix and approximately 100 ng of DNA
in1plof water. The thermal cycling conditions were set as follows: an
initial denaturation at 98 °Cfor 60 s, followed by 35 cycles of 98 °C for
105,62 °Cfor20sand 72 °Cfor20 s, concluding with afinal extension
at72 °Cfor10 min. To perform genotyping, we first extracted DNA from
approximately10,000 PGCs or embryonictissues using DNeasy Blood &
Tissue Kits from QIAGEN, according to the manufacturer’s protocol.
We then conducted PCRs as described above and subjected the PCR
productsto EcoRIdigestion using EcoRI-HF and rCutSmart buffer from
New England Biolabs, following the manufacturer’s guidelines. Each
reaction consisted of 5 pl of the PCR product, 1 pl of ECORI-HF, 1 pl of
rCutSmart buffer and 8 pl of water. The reactions were incubated at
37 °Cfor 30 min, followed by a 5-min heat inactivation at 65 °C. Alter-
natively, the genotypes of several samples were analysed on the basis
ofthesize of the undigested PCR products using the Agilent Fragment
Analyzer system. In this approach, a 550-bp band represented ZZ and
ZW, a 520-bp band represented Z*°Z*° and Z*°W and two bands (550
and 520 bp) in Z¥°Z.

PGC transfection, selection and clonal expansion

We used a high-fidelity Cas9 variant (SpCas9-HF1), which significantly
reduces off-target effects compared to wild-type Cas9 (ref. 19). For the
expression of SpCas9-HF1and sgRNAs in PGCs, we used the HF-PX459
(V2) expression vector, which also bears puromycin resistance as an
antibiotic selection gene?” (Addgene plasmid 118632). We cloned all five
sgRNAs individually into the plasmids according to previous descrip-
tions”?® and then tested the effectiveness of three of these plasmids
harbouring sgRNAs1-3. We transfected 1.5 pg of the vectorand 0.5 pg
of ssODNs into approximately 100,000 Hy-Line Brown PGCs using
Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific).
After 24 hin culture, the cells were treated with 0.6 pg ml™ of puro-
mycin for 48 h for the selection of successfully transfected cells. We
cultured these cells for around 2 weeks and then genotyped them for
the presence of deletions through EcoRI digestion of the PCR product.
Using gRNA3, we observed a strong PCR band at 550 bp and two faint
bands at approximately 300 and 220 bp. This pattern suggested the
incorporation of the ssODN template in a subset of transfected PGCs.
Accordingly, these PGCs were sorted using the BD FACSAria Il Cell
Sorter (BD Biosciences) into a 96-well plate at a rate of one cell per well
toidentify the clonal populations with the deletion of miR-2954. After
3 weeks of culturing, we screened the genotypes of 42 clonal PGC popu-
lations that survived and propagated. We identified four Z*°Z and two
Z*°7*° clonal populations among them (6 of 42 clones were targeted).
Subsequently, we cryopreserved the homozygote and heterozygote
populations following established protocols® and used one of the
ZX°7Z*° populations for confirmation of the deletion and injection to
surrogate hosts to generate the KO animals. To confirm the deletion of
miR-2954, we performed PCR on the DNA obtained from the PGC line
before transfection. The selected clonal Z*°Z“° PGC population and the
resulting PCR products were sequenced by Eurofins Genomics using
their Sanger sequencing services (TubeSeq Service). Analysis of the
sequences confirmed the deletion of miR-2954 and integration of the
EcoRlsiteinaccordance with the design of the provided ssODN repair
template (Extended DataFig. 1).
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Generation of the GO rooster

Z¥°7*°PGCswereinjected into surrogate host embryos using our previ-
ously described method®. In brief, we thawed the cryopreserved clonal
ZX°7¥°PGCs 7 days before theintended injection date and propagated
them to a density of approximately 150,000 cells per well in a 24-well
tissue culture plate. These cultured PGCs were pelleted by means of
standard centrifugation and then resuspended in the PGC culture
medium to achieve a concentration of 5,000 cells per microlitre. To
this suspension, we added 0.1 pl of the chemical compound AP20187
(B/B) (25 mM) per 5 pl of PGC suspension. Approximately 1 pl of this
mixture was aspirated into amicrocapillary injection tube and injected
into eachiCaspase9 sterile embryo' at Hamburger-Hamilton stages 15
and16. AP20187 (B/B), presentintheinjected PGC mixture,induces the
dimerization of the FK506-binding protein, leading to the activation of
the attached caspase-9 protein and the induced apoptotic cell death of
the endogenous PGCsintheiCaspase9 sterile embryos, thereby allow-
ing the colonization of gonads by the injected ZX°Z*° PGCs'. Injecting
the clonal PGCsinto 20 iCaspase9 sterile embryos resulted in hatching
of 7 GO chicks comprising 1 male and 6 females.

Generation of miR-2954 KO chickens

We maintained the male GO and raised it to sexual maturity. This GO was
then paired with six Hy-Line Brown hens (same breed), producing Z¥°Z
and Z*°W individuals (OC G1). We then raised five male and six female
OC Gl individuals to sexual maturity. One of these males was mated
with the OC G1 females to generate second-generation (G2) embryos
(Z¥°Z,Z*°7*°, ZW or Z*°W) that were used for viability studies and tis-
sue collection for gene expression analyses. A second OC Gl male, not
involvedingenerating G2 individuals, was mated with six Hy-Line Brown
females. This pairing produced OC G2 individuals for the genotypes
Z7Z,7*°Z, ZW and Z*°W. Finally, upon reaching sexual maturity,a OC
G2 Z*°Z rooster was mated with six OC G2 Z“°W hens to produce G3
embryos (Z¥°Z,7*°7*°,ZW or Z¥°W). These G3 embryos were then used
to confirm the phenotypes observed in the G2 generation (Fig. 1a).

Selection and processing of chicken embryos and tissues for
RNA-seq analysis

Upon completing the genotyping and sexing of G2 embryos, we
selected 36 embryos for RNA-seq. This selectionincluded 18 E2 embryos
(9 males and 9 females) (Hamburger-Hamilton stage 12), 9 E3 males
(Hamburger-Hamilton stages 18 and 19) and 9 E5 males (Hamburger-
Hamilton stages 24 and 25). For the E2 cohort, RNA extraction was
performed on whole embryos after the removal of extra-embryonic
membranes. This cohortincluded nine female embryos of various geno-
types (three ZW, three Z*°W and three pure Hy-Line Brown ZW embryos
(female embryos from the original stock), as a control for maternal
effects ongene expression), and nine male embryos (three Z*°Z, three
ZX°7*° and three ZZ genotypes). Given the low expression of miR-2954
in females and their survival, we then focused on gene expression in
males. For the E3 and ES cohorts, we investigated tissue-specific gene
expression by dissecting the head, heart and rest ofthe body (referred
to as the body) from each male embryo under a stereomicroscope,
with all dissections performed in ice-cold PBS. Each tissue type from
each embryo was represented by three replicates derived from three
individuals. We note that all ZZ are pure Hy-Line Brown, and all other
genotypes (ZW, Z*°W, Z*°Z and Z¥°Z*°) are G2.

RNA extraction and sequencing

Atotal of 72 samples from E2, E3 and E5 embryos were used for the
generation of RNA-seq libraries. We extracted total RNA from whole
embryos or dissected tissues using the AllPrep DNA/RNA/miRNA Uni-
versal Kit (QIAGEN), following the manufacturer’s protocols. The RNA
quality was assessed using the Fragment Analyzer system (Agilent),
and all RNA quality numbers were equal to 10, indicating a lack of

degradation. The RNA-seq libraries were prepared from 400 ng of RNA
persample using the NEBNext UltrallRNA Library Prep Kit for lllumina
sequencingonan Illumina NextSeq 2000 system, using NextSeq 2000
P3 Reagents (100 cycles), with samples multiplexed in two sets of 36.

Additionally, we generated small RNA libraries using RNA derived
from the same E5 male samples (which were also used to generate
RNA-seqlibraries). Thisincluded the generation of small RNA libraries
for RNA derived from ZZ (two replicates), Z*°Z (three replicates) and
ZX°Z*° (three replicates) for each tissue type (head, body and heart,
respectively). These libraries were prepared using the NEBNext Small
RNA Library Prep Set for Illumina and were sequenced on an Illumina
NextSeq 550 system using NextSeq 500/550 High Output Kit v.2.5
(75 cycles), with samples multiplexed in two sets of 12.

Estimation of gene expression levels

The chicken reference genome (bGalGall.mat.broiler.GRCg7b;
GCA_016699485.1) and corresponding gene transfer format (GTF) anno-
tation file were obtained from Ensembl* (release 109). Raw reads from
eachlibrary were aligned to the reference genome using STAR aligner
v.2.7.2b (ref. 58). This alignment process involved generating STAR
indices, aligning reads to the reference genome in anannotation-aware
manner and quantifying the number of reads mapped to each gene
using the quantMode GeneCounts optionin STAR. The median uniquely
mapped reads number across all samples was 34,703,339. The result-
ing gene count matrices, along with ametadata file containing sample
information and the GTF file, were used to create a RangedSummarize-
dExperiment object. This object was imported into DESeq2 v.1.24.0
(ref. 58) for downstream analysis. Gene expression data were normal-
ized using variance-stabilizing transformation (VST) through the vsn
packagev.3.52.0inRv.4.1(ref. 59) implemented in the DESeq2 package.
Subsequently, principal component analysis (PCA) was conducted as
implemented in the DESeq2 package to examine sample relationships
and identify potential outliers. The PCA results revealed a clear clus-
tering of samples (including biological replicates) for the respective
tissues and ages without outliers, supporting the high quality of the
expression data (Extended Data Fig. 3a).

Raw short RNA-seq data were preprocessed using a custom Bash
script. Adaptor sequences were trimmed and reads were size-selected
using Cutadaptv.4.4. The parameters set amaximum error rate of 0.25,
targetedtheadaptorsequence AGATCGGAAGAGCACACGTCTGAACTCC
AGTCAC with aminimum overlap of 6 nucleotides and allowed noindels
while selecting for read lengths between 19 and 26 nucleotides. After
trimming and size selection, the reads were aligned to the chicken
reference genome using STAR following the ENCODE miRNA-seq pipe-
line®® (www.encodeproject.org/microrna/microrna-seq-encode4/)
(May 2017). This alignment process included mapping to the miRNA
subset of the chicken GTF gene annotation and quantifying the number
ofaligned readsin STAR. The median of the number of uniquely mapped
reads across all samples was 432,069.

MiRNA target predictionin chicken, zebrafinch, ostrich,
crocodile and human

Toidentify potential targets of miR-2954, we used TargetScan?®®, which
detects 6mer, 7mer-1a, 7mer-m8 and 8mer-latargetsitesin the 3’ UTRs
of mRNA transcripts, aligning them with the miRNA seed sequence. We
obtained 3’ UTR sequences for all splice variants of genes within both
the chicken (bGalGall.mat.broiler.GRCg7b), zebra finch (bTaeGutl_
v1.p), Australian saltwater crocodile (CroPor_compl), African ostrich
(ASM69896v1) and human (GRCh38.p14) genomes using BioMart
(ref. 61). Subsequentidentification of target sites was performed using
TargetScanv.7.0 for each species. Agene was categorized as a predicted
target if it contained any of these target site types withinits UTRs. We
then counted the total number of target sites for each predicted target
genein chicken. To calculate context+scores, we performed a separate
target prediction step specifically for chicken using TargetScan v.6.0,
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along with its associated Perl script (targetscan_60_context_scores.
pl). We used the same chicken 3’ UTR sequences in this step as in the
initial TargetScan analysis. Finally, we calculated the median context+
score for all target sites within each gene, considering only those with
acontext+score of less than O (Supplementary Table 3).

Identification of conserved target sites in chicken and zebrafinch
To identify conserved target sites, we selected the longest annotated
3’UTR for each gene in both the chicken (G. gallus) and zebra finch
(Taeniopygia guttata) genomes. These 3’ UTR sequences were then
aligned using Clustal Omega. We subsequently used TargetScan v.7.0
to predict conserved target sites within the aligned sequences (Sup-
plementary Table 3).

Differential gene expression analysis

The 3’ UTRis specific to protein-coding genes, and miRNA targets are
predicted on the basis of the presence of target sites within their 3’
UTRs. Consequently, we limited the DESeq2 dataset to protein-coding
genes (as identified in the GTF annotation). Differential expression
analysis was conducted using DESeq2. Differentially expressed genes
were identified using a threshold of less than 0.05 for P, according
to the Benjamini-Hochberg method®. The effect of genotype on gene
expression in E2 whole embryos was independently analysed in male
and female embryos (model: gene expression as a function of geno-
type). For eachtissue (head, heartand body), gene expression analysis
was performed collectively across ages using a model that included
both genotype and embryonic age as variables (model: gene expres-
sion = genotype + embryonicage). The log fold changes and differen-
tially expressed genes were determined for each genotype contrast
(Supplementary Table 4).

Differential miRNA expression analysis

Differential expression analysis was conducted using DESeq2. Dif-
ferentially expressed miRNAs were identified using a threshold of less
than 0.05 for P, according to the Benjamini-Hochberg method®. The
effect of genotype on miRNA expression in E5 head, heart and body
was independently analysed in each tissue (model: gene expression
asafunction of genotype) (Supplementary Table 5).

Comparison of pure Hy-Line Brown females with ZW G2
Althoughallchickens used in the gene expression analysis were of the
Hy-Line Brownbreed, the G2 animals, comprising genotypes ZW, Z“°W,
Z¥°Z and Z¥°Z*°, originated from different parents compared with the
Z7 genotype, which was derived from the pure Hy-Line Brown breed
(theoriginal stock). To ensure the rigour of all expression comparisons,
we aimed to confirm that the G2 ZW and pure Hy-Line Brown ZW had
similar gene expression profiles (ZZ embryos cannot be derived from
the G2 (hemizygous/heterozygous KO) parents), thereby eliminat-
ing potential confounding factors, such as maternal effects on gene
expression. Accordingly, we conducted different expression analyses
between pure Hy-Line Brown ZW and G2 ZW chickens and compared
the fold changes across different gene categories. This analysis con-
firmed that gene expression patterns are statistically indistinguishable
between Hy-Line Brown and G2 and therefore do not confound our
results (Extended Data Fig. 3b).

Identifying ohnologues

Thelist of chicken ohnologues was retrieved from the OHNOLOGS v.2
database®, available at http://ohnologs.curie.fr/ (‘relaxed’ dataset).
These ohnologues were identified using gene IDs from the galGal4
assembly (Ensembl release 80), whichisincompatible with the gene IDs
ofthe chicken genome assembly used in our study (GRCG7b). Toresolve
this, we retrieved the unspliced DNA sequences of these ohnologue
gene IDs from the GRCg6a assembly (Ensembl release 106) through
BioMart. Subsequently, these sequences were aligned to the unspliced

DNA sequences of protein-coding genes from the GRCG7b assembly
using BLASTn (BLAST+ 2.4)%*, with the settings -perc_identity 95 and
-evalue 0.001. We sorted the results by bit scores to identify the best
hits between the two gene sets. Cross-referencing protein names for
matched gene IDs confirmed a high accuracy (88.6% exact matches)
of this ID conversion method (Supplementary Table 3).

Dosage sensitivity scores

Dosage sensitivity scores for human genes, including haploinsuffi-
ciency (pHaplo) and triplosensitivity (pTriplo), were sourced from a
previous study®. These scores were then assigned to chicken genes on
the basis of their 1:1 orthology relationship (retrieved using BioMart)
(Supplementary Table 3).

Assessment of time and tissue specificity

To evaluate the time and tissue specificity of chicken genes, we calcu-
lated time and tissue specificity indexes on the basis of the tau metric®
using adevelopmental time-series RNA-seq dataset® (Supplementary
Table 6). Asin previous studies®, for the tissue specificity index, the tau
metric was applied to the maximum expression of the gene observed
during development in each organ, whereas for the time specificity
index, the tau metric was applied to the expression of the gene at dif-
ferenttime pointsinstead of organs. Inboth cases, indexes range from
0 (indicating broad expression) to1 (indicating restricted expression).

Identification of developmentally expressed genes and
female-to-male expression level ratios

Gene expression ratios between the sexes were analysed using a pub-
lished RNA-seq time-series dataset*****’”, We obtained raw read (FASTQ)
files for various chicken organs (blastoderm, brain, cerebellum, gonads,
heart, kidney and liver) across different embryonic stages (EO, E4.5
and E6 for gonads and E10, E12, E14 and E17) and post-hatch periods
(PO, P7, P35, P70 and P155). Reads were aligned to the bGalGall.mat.
broiler.GRCg7b reference genome, with read counts generated as
detailed in the ‘Estimation of gene expression levels’ section. We then
calculated the FPKM values for each gene using the fpkm functionin
DESeq2 and determined the median expression values for allembryonic
and post-hatch samples (Supplementary Table 6). An FPKM threshold
greater than 1, on the basis of the median for each group, was applied
to filter out non-expressed and lowly expressed genes in both sexes.
Toidentify developmentally expressed genes, we selected genes with
FPKM greater than1lin atleast one tissue and time point (Supplemen-
tary Table 3).

Assessment of Z to proto-Z expression levels

For this analysis, RNA-seq data (log,-transformed reads per kilobase
oftranscript per millionreads mapped values fromref. 34) frombrain,
cerebellum, heart, kidney and liver from adult male and female chicken
(P155), and the corresponding stage in mice (P63) was used. Akin to pre-
vious studies®®®, ancestral expression levels of Z-linked genes (proto-Z
genes) were estimated by calculating the median expression levels of
the corresponding expressed autosomal1:1orthologuesinanoutgroup
species withnon-ZW sex chromosomes (in this case, mouse). Inasimilar
way, ancestral expression levels of autosomal genes (proto-autosomal
genes) were estimated by calculating the median expression levels of
corresponding 1:1 orthologues that are autosomal in the same out-
group species with non-ZW sex chromosomes.

To obtain the current-Z to proto-Z expression ratios, we first nor-
malized the current expression levels of Z-linked genes by the median
current expression level of all1:1orthologous genes that are autosomal
inthe outgroup species. We then normalized the ancestral expression
levels of each proto-Z-linked gene (computed as described above) by
the median ancestral expression level of all proto-autosomes in the
outgroup species. We then computed the ratio of these two values for
each gene, resulting in the current-Z to proto-Z ratios.
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Finally, we compared the current-Z to proto-Z ratios for Z-linked miR-
2954 targets and Z-linked miR-2954 non-targets. As Z-linked tar-
gets, we used the experimental miR-2954 targets; as non-targets, we
used Z-linked genes that are neither experimental miR-2954 targets
nor predicted miR-2954 targets. In both cases, we made sure that
autosomal miR-2954 targets were excluded when normalizing the
expression of current-Z and proto-Z genes by current-autosomal and
proto-autosomal genes. Statistically significant deviations of the
medians of these ratios from key reference values (for example, 0.5
(log, ratio of -1),1(log, ratio of 0) and 2 (log, ratio of 1)) were assessed
using one-sample Wilcoxon signed-rank tests. Pvalues were corrected
for multiple testing using the Bonferroni procedure®®, with P, < 0.05
indicating significance. Statistical equivalence to these same refer-
ence values was assessed using Wilcoxon TOST (two one-sided test)
equivalence tests. Thisapproach tests whether the medians fall withina
predefined equivalence margin around each reference value, meaning
the expression ratios are neither significantly above nor significantly
below the specified bounds. In this analysis, the equivalence bounds
were setasthereference value + 0.5. Pvalues were corrected using the
Benjamini-Hochberg procedure, with P,; <0.05 on both one-sided
tests required for significant equivalence.

Location of genes along the Zchromosome

To visualize the location of target genes on the Z chromosome, we
counted the number of protein-coding genes in windows of 0.5 Mb on
the basis of gene annotations of Ensembl* (v.111). To indicate the loca-
tion of the MHM regions, we used the regions defined by Sunet al.””. We
lifted these regions from Galgal5.0 to the bGalGall.mat.broiler.GRCg7b
genome assembly by extracting flanking sequences from and aligning
them to the new genome with BLAT.

Sequence conservation

The sequence of the miR-2954 locus was retrieved from the National
Center for Biotechnology Information (NCBI) and blasted against the
reference genomes of the target species (Extended Data Fig. 9 and
Supplementary Data 3) using BLASTn®*.

RNAisolation, reverse transcription and RT-qPCR for miR-2954
Total RNA, including miRNA, was isolated from seven tissues (bursa of
Fabricius, leg bone, brain, heart, intestine, liver and pectoral muscle)
of six individual E12 chicken embryos (three male and three female;
Lohmann breed) using TRIzol reagent (Invitrogen) according to the
manufacturer’s protocol. Approximately 50 mg of each tissue was
homogenized in 500 pl of TRIzol using a TissueLyser LT (QIAGEN) at
40 Hz for 1-2 min. RNA quality was assessed by visualizing the 28S
and 18Sribosomal RNA (rRNA) bands on a denaturing agarose gel and
further quantified using aNanoDrop spectrophotometer.

Reverse transcription was performed using the TagMan MicroRNA
Reverse TranscriptionKit (Applied Biosystems) inaccordance with the
manufacturer’s instructions. In each 15-pl reaction, 1,000 ng of total
RNA was reverse transcribed using stem-loop reverse transcription
primers specific for gga-miR-2954 (Assay ID: 243071_mat; Applied
Biosystems) and U6 small nuclear RNA (snRNA) (Assay ID: 001973;
Applied Biosystems). The cycling conditions were as follows: 16 °C
for 30 min, 42 °C for 30 min and 85 °C for 5 min, followed by holding
at4°C.

qPCR was performed using TagMan MicroRNA Assay for gga-miR-
2954 (Assay ID: 243071_mat) and U6 snRNA (Assay ID: 001973) as the
endogenous control for normalization on a QuantStudio 6 Real-Time
PCR System (Applied Biosystems) following the manufacturer’s pro-
tocol. Each sample was runin triplicate. Each 10-pl reaction mixture
contained 0.66 pl of complementary DNA (cDNA), 0.5 pl of TagMan
MicroRNA Assay and 5 pl of TagMan Fast Advanced Master Mix (cata-
logue no. 4444557). The cycling conditions were as follows: 95 °C for
20 s, followed by 40 cycles of 95 °C for1sand 60 °C for 20 s.

The cycle threshold values were normalized using the 2*“" method,
where ACT is the difference between the target gene and the endog-
enous control (U6 snRNA) (Supplementary Table 8).

miR-2954 knockdown and RT-qPCR

miR-2954 knockdown was achieved by injecting mirVana miRNA
inhibitor specific to miR-2954 (Thermo Fisher Scientific; catalogue no.
4464088) or mirVana miRNA Inhibitor, Negative Control #1 (Thermo
Fisher Scientific; catalogue no. 4464076) into chick embryos at two
different embryonic stages. Lyophilized miRNA inhibitors (250 nmol;
high-performance liquid chromatography; in vivo ready) were resus-
pended in nuclease-free water to prepare a stock solution with a final
concentration of 2.5 mg ml™. The miRNA inhibitor solutions were then
complexed with Invivofectamine 3.0 Reagent (Thermo Fisher Scien-
tific; catalogue no.1VF3001). The Invivofectamine 3.0-miRNA duplex
mixtures were incubated for 30 min at 50 °C and subsequently diluted
with PBS (pH 7.4) according to the manufacturer’s instructions.

Atotal of 240 fertilized eggs were obtained from Lohmann Sverige
AB and placed in an incubator at 37.5 °C with 50% humidity. At E2.5,
asmall window was created in the eggshell above the embryo using
an engraving machine. Using a fine glass needle, 2 pl of the Invivo-
fectamine 3.0-miRNA duplex mixture (containingafinal concentration
of 0.63 mg ml™ of the inhibitor) was injected into the dorsal aorta. Fol-
lowing successfulinjectionsin170 knockdown and 28 negative control
embryos, the eggs were sealed with tape and returned to the incubator
at 37.5°C with 50% humidity. A second injection was performed at E4
in surviving embryos using the same procedure but with 3 pl of the
Invivofectamine 3.0-miRNA duplex mixture. Embryo viability was
evaluated at E12 by observing blood flow after removal of the chorioal-
lantoic membrane. A subset of embryos was frozen at E5 for subsequent
gene expression analysis.

For gene expression analysis, 20 embryos (12 knockdown and eight
control) wereinjected as described above and snap-frozen at E5,1 day
after the second injection, for subsequent RNA extraction and quanti-
fication (Supplementary Table 2 and Extended Data Fig. 5).

To determine the impact of miR-2954 knockdown on the expression
oftarget and non-target genes, including XPA, we performed molecular
sexing, dissected the heart tissue andisolated total RNA. Three controls
and five knockdown embryos were used for gene expression analysis.
RNA extraction was performed using TRIzol reagent, following the
protocol outlined in the previous section.

Using the NCBIPrimer-BLAST tool, we designed forward and reverse
primers for eight target genes, eight non-target genes, the XPA gene
and thereference gene GAPDH (Supplementary Table 1). Then, 1,000 ng
of RNA from each sample was reverse transcribed into cDNA using the
First Strand cDNA Synthesis Kit (Thermo Fisher Scientific; catalogue
no. K1612) and oligo(dT) primers, according to the manufacturer’s
instructions. QPCR was carried out on a QuantStudio 6 Real-Time PCR
System (Applied Biosystems) using SYBR Green Universal Master Mix
(catalogue no. 4309155). The thermal cycling profile consisted of an
initial denaturation step at 95 °C for 10 min, followed by 40 cycles of
95 °C for 15 s (denaturation) and 55 °C for 60 s (annealing and exten-
sion). Each PCR was runin triplicate. A final melting curve analysis
was performed to confirm the specificity of the PCR products. Data
were analysed using the delta-delta cycle threshold method. The cycle
threshold values were normalized to GAPDH, and log, fold changes
between miR-2954-KD and control were generated (Supplementary
Table 8).

Generation of Ribo-seq data

To compare transcriptome versus translatome patterns, we used a
recently developed Ribo-seq procedure®, on the basis of previously
established methods?”°, optimized for generating high-quality data
from low-input frozen tissue samples, including small embryonic speci-
mens. Using this method, we generated Ribo-seqand matched RNA-seq



dataforatotal of eight adult chicken and mouse brain (forebrain/cer-
ebrum) samples, as well as chicken embryonic head samples (Sup-
plementary Table 9). These data were further complemented by our
previously published Ribo-seq dataset®, which cover three additional
adult chicken and mouse brain samples. Detailed protocols for the
new Ribo-seqand matched RNA-seq experiments are provided below,
followed by a description of the methods used to analyse these data.

Ribo-seq footprint generation

Frozen tissues were lysed in 150 pl of ice-cold lysis buffer (20 mM Tris
(pH 7.5),150 mM NacCl, 5 mM MgCl,, 1% (v/v) Triton X-100, 1 mM dithi-
othreitol, 0.4 U ml RiboLock and 100 pg ml™ of cycloheximide) using
amicropestle. Lysates were clarified by centrifugation at 20,000g for
7 minat4 °C.For nuclease digestion, 450 URNase I (Ambion) and 3.75 U
TURBO DNase I (Thermo Fisher Scientific) were added, and samples
were incubated at 25 °C for 45 min with gentle agitation. Digestion
was stopped by the addition of 0.5-pl SUPERase-In RNase Inhibitor
(Ambion).

To purify ribosome-protected fragments, lysates were overlaid on
700 plof30% sucrose cushionin13 x 51 mm centrifuge tubes (Beckman
Coulter).Samples were centrifuged at 100,000 rpmfor1hat4 °Cusing
an S100-ATé6 rotor (Ultracentrifuge Sorvall Discovery M120 SE). The
supernatant was discarded, and the pellet was resuspended in 700 pl
of 10 mM Tris (pH 7.0). To extract RNA, 40 pl of 20% sodium dodecyl
sulfateand 750 pl of 65 °Cacid phenol:chloroform were added, followed
by incubation at 65 °C for 10 min with agitation. After centrifugation
at amaximum speed for 4 min, the aqueous phase was transferred to
afresh tube containing 700 pl of acid phenol:chloroform, incubated
atroomtemperature with intermittent vortexing and centrifuged for
4 min. Next, 600-pl chloroform was added, vortexed and centrifuged
for 4 min. RNA was precipitated overnight at =70 °C in the presence
of 600-plisopropanol, 66.7 pl of 3 M sodium acetate (pH 5.5) and 2-pl
GlycoBlue (Thermo Fisher Scientific). RNA was pelleted by centrifu-
gation for 40 min at maximum speed, washed with 80% ethanol and
resuspended in12.5 pl of 10 mM Tris (pH 7.0).

The extracted RNA was separated on a 15% denaturing urea poly-
acrylamide gel (Thermo Fisher Scientific) and stained with SYBR Gold
(Thermo Fisher Scientific). Fragments of 27-33 nt were excised and
disrupted using gel breaker tubes. RNA was extracted in 0.5 ml of 10 mM
Tris (pH 7.0) for 10 min at 70 °C with agitation. Gel debris was removed
by centrifugationin Spin-X filter tubes (Corning) for 2 min at maximum
speed. RNA was precipitated overnight at =70 °C in the presence of 1
volume isopropanol, 0.1 volume 3 M sodium acetate (pH 5.5) and 2-pl
GlycoBlue (Thermo Fisher Scientific). RNA was pelleted by centrifu-
gation for 40 min at maximum speed and washed with 80% ethanol.

Ribo-seq library preparation and sequencing

Ribo-seq library preparation was performed as described in ref. 69
withseveral modifications. Inbrief, ribosome footprints were dephos-
phorylated and ligated to a pre-adenylated 3’ linker (L1), followed by
enzymatic removal of unligated linkers. Footprint-linker complexes
were captured on streptavidin beads, phosphorylated and ligated to
a5’linker (L2). Reverse transcription was performed on bead-bound
templates, and the resulting cDNA libraries were amplified by PCR.
To improve depletion of unligated L1, we modified the digestion step
by incubating samples sequentially at 30 °C for 60 min and 37 °C for
60 min with deadenylase and RecJf. Libraries were PCR-amplified
using eight cycles of amplification. A modified version of the previ-
ously published Cas9-mediated Ribocutter tool” was used to deplete
rRNA fromtheRibo-seqlibraries. The sgRNAs were designed to target
the most abundant contaminants of previously sequenced libraries
derived from chicken or mouse telencephalon. To enhance the effi-
ciency of rRNAremoval, alower library concentration (6 nM) was used
as input for Cas9-mediated depletion and extended the Cas9 treat-
ment to 4.5 h. An additional 6% polyacrylamide gel electrophoresis

Tris—borate-EDTA gel step was introduced to remove preferentially
amplified adaptor dimers following a seven-cycle PCR reamplification.
Allfurther steps were performed accordingto the original protocol. The
libraries were resuspended and quality controlled using Qubit (Thermo
Fisher Scientific) and Fragment Analyzer (Agilent Technologies) plat-
forms. Sequencing was performed onboth the lllumina NextSeq 2000
and Illumina NextSeq 550 systems, using NextSeq 2000 P4 Reagents
(50 cycles) and NextSeq 550 High Output Reagents (75 cycles). The
samples were multiplexed into one set of sixand another set of one. All
further steps were performed in accordance with the original protocol.

RNA library preparation and sequencing

Togenerate matched RNA-seq libraries prepared from the same lysates,
total RNA was extracted from dissected tissues using the RNeasy Micro
Kit (QIAGEN), following the manufacturer’s instructions. The RNA
quality was assessed using the Fragment Analyzer system (Agilent),
and RNA quality numbers ranged from 7.7 to 10, indicating minimal
degradation. The RNA-seq libraries were prepared using the SMART-Seq
Total RNA High Input kit with (Mammalian) RiboGone (Takara Bio).
The concentration and quality of the libraries were determined using
Qubit (Thermo Fisher Scientific) and Bioanalyzer (Agilent Technolo-
gies) platforms. lllumina sequencing was performed on an Illlumina
NextSeq 2000 system using NextSeq 2000 P2 Reagents (100 cycles),
with samples multiplexed in one set of six.

Read mapping and processing

Raw sequencing reads with Illumina 3’ adaptor and low-quality
bases (Phred score below 20) were trimmed using cutadapt v.4.6
(parameters: --adapter=AGATCGGAAGAGCACACGTCTGAACTCCA
GTCAC --minimum-length=6 -q 20). For Ribo-seq libraries, unique
molecular identifiers (UMIs) were extracted using UMI-tools v1.1.4
(ref. 72) (parameters: --bc-pattern = “(?P<umi_1 > .{5}). + (?P<umi_2 >
{5})$ --extract-method=regex OR --bc-pattern = *(?P<umi_1>
{10}). + (?P<umi_2 > .{10})$ --extract-method=regex), and leading
nucleotides were removed with cutadapt v.4.6 (parameters: -u 6).
RNA-seq libraries did not contain UMIs, and leading nucleotides
were removed with cutadapt v.4.6 (parameters: -u 3). Trimmed reads
were consecutively mapped to the index libraries of species-specific
(chicken or mouse) contaminating RNAs obtained from RNAcentral™
(rRNAs, mitochondrial RNAs and transfer RNAs) using Bowtie 2v.2.5.1
(ref. 74) (parameters: --phred33 -L 20 -N 1 -t --no-unal). Aligned reads
were discarded, and only those within the defined length ranges
(26-34 nt for Ribo-seq and 20-50 nt for RNA-seq) were kept for
downstream analysis. As expected?, Ribo-seq read lengths peaked
at 28-30 nt and predominately mapped to coding DNA sequences
(CDSs) (Extended Data Fig. 4a,b). To mitigate bias in the mapping of
RNA-seq reads in exon-exon junctions owing to length discrepan-
cies between both methods, RNA-seq reads were cut to 29 nt. Reads
were then aligned to the reference genomes (bGalGall.mat.broiler.
GRCg7b; GCA_016699485.10R GRCm39; GCA_000001635.9, Ensembl
release 113; ref. 75) using STAR aligner v.2.7.11a (ref. 58) (parameters:
--alignEndsType EndToEnd --outSAMattributes All --outSAMtype BAM
SortedByCoordinate --outMultimapperOrder Random). As previously
described”, peptidyl-site offsets were estimated per read length, and
Ribo-seq reads were calibrated accordingly.

Triplet periodicity

Toassess whether our Ribo-seq libraries showed patterns of true trans-
lation, we analysed the triplet periodicity using raw reads mapped to
the complete CDS regions of protein-coding genes. To ensure robust
analysis, we focused on protein-coding genes annotated as canonical
in Ensembl (release 113). The number of reads mapped to the three
reading frames was normalized by the total number of reads within
the CDS. As shown in Extended Data Fig. 4c,d, in contrast to RNA-seq
reads, our Ribo-seqdata predominantly mapped to the first nucleotide
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of the codon showing continuous and significant triplet periodicity
across the CDS.

Estimation of gene expression levels

Transcriptabundances were estimated in FPKM. Only uniquely mapped
RNA-seq reads and de-duplicated uniquely mapped Ribo-seq reads
within the CDS regions were considered. On the basis of our triplet
periodicity analysis, we further restricted the analysis to read lengths
that exhibited significant triplet periodicity. Moreover, only the CDS
regionfromthe +4th tothe -3rd codonwas used toavoidinflated counts
owing to random translation initiation and ribosome enrichment at
the stop codon’. For each gene, the longest isoform was used as a
representative. Gene count matrices were then loaded into R v.4.4.0,
and gene expression levels were estimated using the rpkm function of
edgeRv.4.2.0, which accounts for both CDS length and library depth.
The FPKM values were log,-transformed.

Assessment of reproducibility

To assess the reproducibility of our Ribo-seq data, we calculated the
Spearman’s correlation coefficient (p) between the read counts of
canonical protein-coding genes in two biological chicken female brain
replicates. The high correlation (p = 0.98) demonstrates strong biologi-
cal reproducibility (Extended Data Fig. 4e).

Comparison of Z*°Z*° and ZZ genotypes

Processed FPKM values were used to calculate log,[FC] in gene expres-
sionbetween ZX°Z¥° and ZZ genotypes for both layers (transcriptome
and translatome) in head tissue. Genes with FPKM values greater
thanlinboth genotypes were kept to exclude non-expressed or lowly
expressed genes. To enable direct comparisons between layers, the
FPKM values were normalized using the median expression of auto-
somal non-target transcriptome or translatome genes, respectively.

Assessment of Z to proto-Z translation levels

To estimate the ancestral translatome levels of Z-linked genes, we com-
bined our newly generated Ribo-seq datawith our previously published
dataset®. The analysis followed the same approach as the RNA-seq analy-
sis described earlier (Assessment of Z to proto-Z expression levels).

Female-to-male expression-level ratios

The processed FPKM values were used to calculate female-to-male ratios
for two tissues (fetal head and adult brain) for both layers (transcrip-
tome and translatome). Genes with FPKM values greater than 1 were
kept to filter out non-expressed and lowly expressed genes. To allow
for comparisons between layers, the FPKM values were normalized
using either the median of autosomal transcriptome or translatome
expression. Theratios were then compared to the key reference values,
as described earlier (Assessment of Z to proto-Z expression levels).

Translation efficiency estimation

The log,-transformed FPKM values at the translatome (ribosome-
protected fragment) and transcriptome (RNA) were used to calculate
translation efficiency across samples as:

TE=log,(RPEpip) — 10g,(RNAppy)
where RPFisthe ribosome-protected fragment, and TE is the translation
efficiency. Further, to highlight the differences between male and female

translation efficiencies, the female-to-male-translation-efficiency
ratios were calculated as:

TEF*tofM = logz(TEl’emale) - Ing(TEmale)

Finally, the ratios were normalized using the median of autosomal
female-to-male-translation-efficiency ratios.

Long-read genome sequencing of miR-2954 KOs and controls

For long-read sequencing, we selected five miR-2954 KO individuals and
four non-edited controls. Genomic DNA was isolated through DNeasy
Blood & Tissue Kit (QIAGEN). Library preparation was performed using
the Rapid Barcoding Kit (SQK-RBK114-24) or the Native Barcoding Kit
(SQK-NBD114-24) (Oxford Nanopore Technologies). Sequencing was
conducted on PromethlON R10.4.1flow cells with adaptive sampling™
to specifically enrich for Z-chromosomal reads.

For basecalling, we used the high-accuracy model (dna_r10.4.1_
€8.2_400bps_sup@v5.0.0) implemented in dorado-0.9.0. Reads were
thenaligned tothe GRCg7b chicken genome assembly using minimap2
(ref. 77) (v.2.27-r1193) with the long-read high-quality preset (-x Ir:hq).
The per-sample coverage depth across chromosome Z was calculated
using SAMtools1.20 (ref. 78) depth command.

We next searched for structural variants using Sniffles2 (v.2.2)”°,
configuring the tool to call small indels and putative structural
variants on chromosome Z with the parameters --minsvlen 5 and
--minsupport 0. This analysis identified six candidate variants
shared among the five KO samples but absent in controls (Supple-
mentary Table 10). Manual inspection of these variants in Integrative
Genomics Viewer revealed that only one site showed a consistent
difference between KO and control samples: the intended Cas9 tar-
get, which produced a 32-bp deletion starting at chr. Z: 71,305,198.
Notably, this deletion was also the only variant displaying zero
coverage exclusively in KO individuals, confirming the successful
miR-2954 KO.

Reporting summary
Furtherinformation onresearch designis available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Raw sequencing data (mRNA-seq, small RNA-seq, DNA-seq and
Ribo-seq) were deposited in the NCBI Sequence Read Archive under
BioProject accession no. PRJINA1079296. Processed datafor mRNA-seq
and small RNA-seq are available in the Gene Expression Omnibus reposi-
tory under the same BioProject accession. Dosage sensitivity scores
are available at Zenodo (https://doi.org/10.5281/zen0d0.6347672)%.
Thelist of ohnologues is available from the Ohnologs database (http://
ohnologs.curie.fr). Gene phylogenetic ages are available from GenTree
(http://gentree.ioz.ac.cn/). Genome assemblies, 3’ UTR sequences
and 1:1 orthologues were retrieved from Ensembl releases 109-113
(https://www.ensembl.org/info/website/archives/index.html) and
BioMart (https://www.ensembl.org/info/data/biomart/index.html).
The following genome assemblies were used: chicken (G. gallus) bGal-
Gall.mat.broiler.GRCg7b, GRCg6a and galGal4; zebra finch (T. guttata)
bTaeGutl_vl.p;crocodile (Crocodylus porosus) CroPor_compl; ostrich
(Struthio camelus) ASM69896v1; human (Homo sapiens) GRCh38.p14;
and mouse (M. musculus) GRCm39.

Code availability

Custom scripts used to generate the results reported in the paper and
processed dataare available at GitHub (https://github.com/amirshahr/
MIR2954).
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Extended DataFig.1|Overview of the knockout of the miR-2954 locus. Top:
overview of the XPA host gene showing the the miR-2954 locus, located in the
second or third (depending on the isoform) intron of this gene. Bottom and
middle panels: alignments and overview of the genomic reference sequence
around miR-2954 locus, the induced deletion, and the single-stranded DNA
oligonucleotide (ssODN) repair template used to leverage the homology-
directed repair (HDR) pathway (Methods). Asequence track highlights the
positions of the pre-and mature miR-2954 sequences. The ssODN repair

36 bp deletion

template aligns with the post-editing PGC clone sequence, as confirmed by
Sanger sequencing (clone #36, used for generating KO chickens), which includes
a36bpdeletionadjacenttoanEcoRlIrestriction site. The accompanying
chromatogram verifies the deletion, illustrating the consistency between the
edited and expected sequences. We note that miR-1583, also shownin the
figure,isnotlisted inmiRGeneDB and is therefore not considered a confidently
annotated microRNA.
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Extended DataFig. 3| Quality control of RNA sequencing data. a, Principal
component analysis (PCA) of mRNA expression profilesacross samples. The
percentage of variance explained by the first two principal components (PC1
and PC2)isshown.b, Comparison of E2whole embryos from “pure” Hy-Line
(HL) females (original stock, n=3) and wild-type ZW females from the G2
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and non-target protein-coding genes. Bottom: Log,FC valuesin gene expression
between pure Hy-Line and G2 ZW females for autosomal (n =16,142) and
Z-linked (n = 865) protein-coding genes; P-values from two-sided Wilcoxon
rank-sumtests are shown above. Box plots show median, 25th-75th percentiles,
and whiskers extending to1.5x the IQR. ¢, Cumulative distribution of log,FC
valuesingene expression between Z¥°Z¥° and ZZ genotypes for autosomal and
Z-linked protein-coding genes across head, body, and heart tissues.
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Extended DataFig. 4 |Quality control of Ribo-seqlibraries. a, Distribution
ofribosome footprint length across Ribo-seqlibraries (nt, nucleotides). b, Ribo-
seqand RNA-seqread fractions mapped to 5-untranslated regions (5-UTRs),
coding sequences (CDSs) and 3’ untranslated regions (3-UTRs). ¢, Distribution
of Ribo-seqand RNA-seq reads across reading framesin the CDS of canonical
protein-coding genes. d, Mean normalized footprint density along the CDS of
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Extended DataFig. 7| Effects of miR-2954 knockdown onsurvivaland gene
expression. a, Sequential injections of the mirVanainhibitor complexed with
Invivofectamine 3.0 Reagentinto embryosat E2.5 (left) and E4 (right) using a
microcapillary glass needle. b, Survival proportions of miR-2954 knockdown
(KD) embryos categorized by treatment, sex, and embryonic day (E) of
development. Numbers above the barsindicate the numbers of dead vs. total
number of embryos analyzed per subgroup at each timepoint; P-values are
fromtwo-sided x? tests. E12 survival represents the subset of embryos that

survived at E4 and received a second injection. ¢, Log,-fold change (KD vs.
Control) of miR-2954 target genes and the XPA gene (top), and non-target genes
(bottom) inhearttissue of male chicken embryos at ES for control (n=3) and
miR-2954 KD (n=5), measured by RT-qPCR. P-values are from two-sided t-tests
with Benjamini-Hochberg correction. All box plots show the median, 25th-75th
percentiles, and whiskers extending to 1.5x the IQR. Individual data points are
overlaid withjitter.
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Sample size No statistical methods were used to determine sample size. Sample size was based on the number of individuals available (see Supplementary
Table 2).

Data exclusions  One batch of eggs was not used due to incubator malfunction.

Replication Each tissue type from each embryo was represented by 3 replicates derived from 3 individuals, respectively. All attempts at replication were
successful.

Randomization Individuals collected from heterozygous parents were ensured a random distribution of the dissected embryos in terms of genotype and sex.

Blinding The collection of samples and estimation of phenotypes were performed blindly, with the experimenter unaware of the individuals' genotype
and sex.
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Policy information about cell lines

Cell line source(s) The primordial germ cells were derived from chicken embryo at embryonic day 2.5.

Authentication The cell-lined that was used in this study was authenticated based on it appearance and its ability to propagate in the host's
gonads.

Mycoplasma contamination No test for Mycoplasma contamination was performed on the cell lines. The chicken lines used to derive PGCs had been

routinely tested and were free of avian mycoplasma.

Commonly misidentified lines  none
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Both male and female adults and embryos of domestic chickens (Gallus gallus domesticus, Hy-Line and Red Junglefowl| breeds) were
used in this study. Adult chickens, aged between 6 and 24 months, were used for breeding purposes and for generation of riboseq
libraries. Chicken embryos were collected at embryonic days 3, 4, 5, 7, 12, 13, and 14. In addition, one adult female mouse brain
(Mus musculus, strain: CD-1, RjOrl:SWISS; RRID:MGI:5603077) was used.

Wild animals No wild animals were used in the study.
Field-collected samples  No field collected samples were used in the study.

Ethics oversight All animal procedures were conducted in compliance with national and international ethical guidelines and regulations. Mouse
experiments were approved by the local animal welfare authorities at Heidelberg University Interfaculty Biomedical Research Facility
(T-64/17). Chicken experiments were conducted under UK Home Office license PP9565661 and approved by the Roslin Institute
Animal Welfare and Ethical Review Board Committee, and Linkdping Council for Ethical Licensing of Animal Experiments (288-2019).
Mice (Mus musculus, strain: CD-1, RjOrl:SWISS, RRID:MGI:5603077) were purchased from Janvier Labs (France) and euthanized by
cervical dislocation. All chicken (Lohmann white; Gallus gallus) management, maintenance, and embryo manipulation followed the
relevant regulatory guidelines.
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Note that full information on the approval of the study protocol must also be provided in the manuscript.
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