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Abstract

ADAD1 is a testis-specific RNA-binding protein expressed in post-meiotic spermatids whose loss leads to defective sperm and male infertility.
However, the drivers of the Adadl phenotype remain unclear. Morphological and functional analysis of Adad? mutant sperm showed
defective DNA compaction, abnormal head shaping, and reduced motility. Mutant testes demonstrated minimal transcriptome changes;
however, ribosome association of many transcripts was reduced, suggesting ADAD1 may be required for their translational activation. Further,
immunofluorescence of proteins encoded by select transcripts showed delayed protein accumulation. Additional analyses demonstrated
impaired subcellular localization of multiple proteins, suggesting protein transport is also abnormal in Adad7 mutants. To clarify the mechanism
giving rise to this, the manchette, a protein transport microtubule network, and the LINC (linker of nucleoskeleton and cytoskeleton) complex,
which connects the manchette to the nuclear lamin, were assessed across spermatid development. Proteins of both displayed delayed translation
and/or localization in mutant spermatids implicating ADAD1 in their regulation, even in the absence of altered ribosome association. Finally,
ADAD1’s impact on the NPC (nuclear pore complex), a regulator of both the manchette and the LINC complex, was examined. Reduced ribosome
association of NPC encoding transcripts and reduced NPC protein abundance along with abnormal localization in Adad7 mutants confirmed
ADAD1's impact on translation is required for a NPC in post-meiotic germ cells. Together, these studies lead to a model whereby ADAD1's
influence on nuclear transport leads to deregulation of the LINC complex and the manchette, ultimately generating the range of physiological
defects observed in the Adad7 phenotype.

Summary Sentence:
ADAD1 is a post-meiotic spermatid RNA-binding protein that is required for normal translation of mRNAs important for post-meiotic differentiation
and mRNAs associated with nuclear and intracellular transport.
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Introduction morphology of normal sperm. As such, spermiogenesis
Male fertility relies on the proper progression of male  requires coordination of multiple events including DNA
germ-cell differentiation, which has three phases: mitosis, = or genome compaction, head reshaping, tail building, and
meiosis, and finally spermiogenesis that generates the complex ~ acrosome formation [1]. Although giving rise to distinct
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outcomes, many of the proteins and regulatory mechanisms
are shared by one or more of these processes, leading to their
overall interdependence [2]. Failure of one or more of these
events leads to subfertility or sterility. As such, understanding
their regulation is fundamental to defining underlying causes
of male infertility.

One essential regulatory mechanism throughout spermio-
genesis occurs on the level of translation and often impacts
mRNA storage or translation itself [3]. While transcription is
the first level of regulation in most cellular processes, male
germ cells undergo post-meiotic genome compaction; thus,
cells progress from a state of high transcription to nearly silent
transcription during their differentiation. Translational regu-
lation allows post-meiotic germ cells to resolve the disconnect
between ongoing cellular processes and a lack of transcription
as many spermiogenesis mRNAs are generated early (as early
as late meiosis) and stored until translated [4]. This translation
regulation leverages a wide range of RNA-binding proteins,
not all of which have been fully described or identified. Also,
while translation regulation has been implicated as regulating
diverse aspects of genome compaction and tail building, how
it regulates other important spermiogenesis events is less clear.

Perhaps the best described examples of translationally regu-
lated spermiogenesis mRNAs encode the major genome com-
paction proteins, transition proteins 1 and 2 (TNP1 and 2)
and protamine 1 and 2 (PRM1 and 2), which are expressed
starting late in meiosis and undergo translation suppression
until activation during mid- to late spermiogenesis [5-8].
Mutations that impact translation of these proteins are asso-
ciated with severe differentiation defects. For example, mice
with Prm1 3’ UTR loss exhibit no translation repression and
have early DNA compaction with a total arrest of spermatid
differentiation [9]. In addition, mice with a mutation in a
protein involved in regulating translation of PRM1, pro-
taminel RNA-binding protein (PRBP), are oligozoospermic
and infertile [10].

In addition to effective translation control, correct protein
localization is fundamental for proper genome compaction.
Upon cytoplasmic accumulation of the encoded proteins, they
are imported into the nucleus to drive genome compaction
as well as dramatic reduction in nuclear volume to facili-
tate packaging into the sperm head [11, 12]. However, it is
unclear how translation and nuclear import are coordinated
during spermiogenesis. It is known that abnormal localization
of PRM1 and TNP1 is correlated with defective chromatin
structure and reduced motility [13, 14]. In addition, it has
been demonstrated that the localization of human growth
hormone (hGH) fused to the 3’ UTR of Prm1 is dependent
on the timing of its translation [15], suggesting that the two
events are linked. The mechanism driving this link is entirely
unexplored.

In post-meiotic germ cells, translation regulation is
mediated by RNA-binding proteins (RBPs) and their loss can
lead to dramatic cellular defects [16-18]. In spite of advances
in our understanding of RBP influence on translation during
spermiogenesis, it is probable that many post-meiotic trans-
lation regulators remain undiscovered. Adenosine deaminase
domain containing 1 (ADAD1), previously known as TENR,
is a testis-specific RNA-binding protein expressed predom-
inantly in post-meiotic round spermatids [19, 20]. Mice
mutant for Adad1 show infertility, severe sperm morphology
defects, and high numbers of testis-retained spermatids [20].
Although ADAD1’s molecular function is yet to be detailed,
early analyses showed ADAD1 binds to reproductively
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important mRNAs such as Prml. As such, ADAD1 was
initially proposed as a putative translation regulator in
spermatids [19]. Later work, however, suggested ADAD1
may act as an RNA editing enzyme given the presence of a
double-stranded RNA-binding motif along with an adenosine
deaminase (AD) domain [21], protein domains observed in
other RNA editing enzymes [22]. Most recently, it was shown
ADAD1’s AD domain appears to be catalytically inactive and
mutation of Adad1 does not impact RNA editing of testicular
mRNAs [20]. These disparate observations leave the true
molecular function of ADAD1 unknown.

To identify the molecular function and downstream impacts
of ADAD1 during spermiogenesis, we better defined morphol-
ogy defects in Adadl mutant sperm. Based on these obser-
vations, we asked whether ADAD1 impacts the translation
of transcripts associated with the observed morphological
defects. In addition to showing delayed translation of sev-
eral spermiogenesis regulating mRNAs, these analyses also
showed an abnormal localization pattern of impacted proteins
in Adadl mutants. Further molecular analyses demonstrated
significant abnormalities in spermatid microtubules and the
complex connecting the cytoplasmic microtubule network
to the nucleus. We additionally determined that the nuclear
pore complex requires ADAD1 for its normal translation.
Ultimately, these studies reveal ADAD1 as a potent regulator
of spermiogenesis, possibly via translation regulation.

Materials and methods
Animal model generation and husbandry

All protocols related to animal care and husbandry were
approved and in accordance with guidelines from the Rutgers
Institutional Animal Care and Use Committee and within
AALAC and TACUC guidelines. Adad1X°/KO mice were gen-
erated as described in [20]. RiboTag mice [23] were purchased
from The Jackson Laboratory and the Adad1-RiboTag mice
were generated as described in [24] with Adad]1 as the gene of
interest. The mice were housed in climate-controlled, sterile
conditions with consistent 12-h light—dark cycles. Mice were
fed with irradiated rodent chow (LabDiet 5058) and had ad
libitum access to food and water.

Microscope imaging

A custom-built Zeiss microscope with both brightfield and
fluorescent capabilities was used for all imaging. MetaMorph
imaging software (Molecular Devices) was used for imaging of
each channel individually, and channels were color-combined
using the program’s internal color combine tool. All images
are representative of biological triplicate or greater. All quan-
tification was done via direct visualization.

Epididymal sperm staining and functional analyses
See Supplemental Methods.

Testicular cell spreads and ICC

Testicular cell spreads were prepared based on a protocol
described in [25]. In brief, triplicate wildtype and Adad1KO/KO
119 dpp testes were collected in 1x PBS and added to a
DNase I/Collagenase I solution, which was then placed in a
rotator at 37°C for 10 min. Tubules were left to settle for
2 min at room temperature and the somatic cell containing
supernatant removed. Further digestion of the tubules was
achieved by adding a DNase I/Collagenase I/Trypsin solution
and rotating for 25 min at 37°C. The resulting cell solution
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was sequentially passed through a 100 and 40 um nylon
strainer. Cells were then fixed in 4% PFA with 4% sucrose
for 15 min at room temperature, washed in 1x PBS, and
resuspended in 5 mL of 1x PBS with 0.05% Tween. Cell
suspension (50 uL) was applied to uncharged slides and left
at room temperature to air dry.

Before staining, slides were permeabilized with 1% Triton
in 1x PBS at 37°C for 5 min, washed with 0.05% Tween
in PBS, and blocked with 10% normal goat serum for 1 h
at room temperature. Primary antibody was appropriately
diluted in 10% goat serum and slides were incubated in a
humid chamber overnight at 4°C. The next day, slides were
washed with 0.05% Tween in PBS and fluorescent secondary
antibody diluted in 0.05% Tween 1x PBS was added to slides
for incubation in a light-protected humid chamber for 1 h
at room temperature. Slides were then washed twice with
0.05% Tween in 1x PBS for 5 min and then once with
1x PBS for 5 min. Finally, slides were then mounted with
DAPI Fluoromount-G (SouthernBiotech) and visualized on a
microscope as stated above.

Immunofluorescence

Wildtype and Adad1XC/KO 60-70 dpp testes were collected
from mice and fixed in 4% PFA overnight. Tissue was rinsed
with PBS, dehydrated in ethanol, embedded in paraffin wax,
and cut into 4 um sections. Slides were deparaffinized in
xylene, rehydrated, and antigen retrieval was done by boil-
ing slides in Tris~-EDTA (10 mM Tris-HCl, 1 mM EDTA,
0.05% Tween: pH 9.0) for 30 min. Slides were blocked with
3% goat serum and primary antibodies were applied and
slides incubated overnight at room temperature. Slides were
washed the next day in 0.1% Triton X-100, and fluores-
cence secondary antibody was added for a 1 h incubation
with light protection. Slides were then mounted with DAPI
Fluoromount-G (SouthernBiotech) and visualized as above.
For a detailed description of antibody conditions, see Supple-
mentary Table S1. For all quantification, a biological replicate
of n=3 was used. Forty tubules per stage were categorized
based on staining pattern, except for stage XII, of which as
many as possible were categorized. The stage of seminifer-
ous tubule sections was determined according to the criteria
described in [26], as well as using SYCP3 and DAPI staining.
Since Adad1¥9/KO have abnormal spermatid morphology as
well as testis-retained spermatids, staging was mostly reliant
on SYCP3 staining in spermatocytes and DAPI staining in
spermatogonia.

Hematoxylin and eosin staining

Wildtype and Adad1XO/KO 25 dpp testes were collected and
fixed in Bouin’s Solution (Sigma Aldrich) overnight. Testis
tissue was cleared in deionized water and dehydrated in
increasing ethanol concentrations before dehydration, xylene
clearing, embedding in paraffin, and cutting into 4 um sec-
tions. Slides were deparaffinized in xylene, rehydrated in
decreasing ethanol concentrations, and stained with Harris
hematoxylin (Sigma Aldrich). Slides were rinsed in water,
partially dehydrated in ethanol, and then stained with Eosin
Y (Sigma Aldrich). Slides were then fully dehydrated and
mounted with Permount mounting medium (Fisher Scientific)
for visualization as above. Round spermatids were counted as
detailed by [26] and were reported as the average number of
round spermatids per tubule by biological replicate. At least
50 tubules were counted per biological sample (7= 3).

RiboTag RNA immunoprecipitation

Testes were collected from 28 dpp wildtype or
Adad1KO/KO heterozygous for Rpl22-HA and Stra8-iCre
[23, 24] (n=3/genotype). This timepoint was selected
to enrich for round spermatids transcripts [27]. The full
immunoprecipitation and RNA extraction was conducted
as in [24]. In brief, both wildtype and mutant testes were
homogenized in lysis buffer and precleared with antibody-
free magnetic beads before an input sample was collected.
The lysate was incubated with anti-HA antibody (ABCAM)
overnight, then precipitated with Protein A Dynabeads
(Invitrogen). Beads were washed and RNA extracted using the
miRNeasy mini kit (Qiagen). From each biological replicate,
paired input and immunoprecipitated (IP) RNA samples were
collected and pairing information retained for downstream
analyses.

RNA sequencing

Input and IP RNA was quantified and sent to Genewiz (South
Plainfield, NJ) for commercial sequencing (Total RNA, Illu-
mina HiSeq 4000, paired-end, 150 bp reads). Strand-specific
libraries were prepped with the Ribo-zero Gold HMR and
TruSeq Stranded Total RNA Library Prep Human/Mouse/Rat.
Quality control was tested using the FastQC software (Babra-
ham Bioinformatics). FastQC reads were summarized with
MultiQC (version 1.9) [28]. BOWTIE2 (version 2.4.1) [29]
was used for in silico rRNA removal. Based on FastQC
read results, the first 10 base pairs and last 20 base pairs
were trimmed using TRIMMOMATIC [30] yielding 120 bp,
paired-end reads. A rerun of FastQC and MultiQC showed
improved quality of RNA samples. Confirmation of sample
assignment was done using pcaExplorer [31] for principal
component analysis. All RNA-seq data for this manuscript are
available at https://www.ncbi.nlm.nih.gov/sra under accession
PRJNA907786.

Bioinformatic data analysis

A novel testis-specific transcriptome [32] was appended to the
Ensembl mouse transcriptome (Mus_musculus. GRCm38.90,
mm10) to generate the expanded transcriptome used for
analysis. Alignment was done with RSEM (version 1.3.3) [33]
and fold change and differential expression calculated with
EBSEQ (release 3.12) [34]. A cutoff of PPDE >0.95 was set
to get a list of differentially expressed (DE) genes. Wildtype
versus mutant fold change (FC) of greater than or less than one
defined lists of depleted in mutant and enriched in the mutant,
respectively. In addition, FC > 2 and FC < 0.5 were assigned
for transcripts high depleted or enriched. Ribosome associa-
tion (RA) was calculated by taking the ratio of the IP TPM to
the input TPM. To avoid any division errors, transcripts were
only calculated if input values were greater than 0. A Welch
t-test was conducted using an R package matrixTests (version
0.1.9) [35] to identify differentially ribosome-associated tran-
scripts (DRA, P < 0.05). Graphical visualization of data was
largely done in RStudio (R Core Team, 2021). Scatterplots
and heatmaps were done in base R. Cell-type-specific gene
expression heatmaps were generated from data in publicly
available datasets as described in [20]. Ontology analysis was
conducted using DAVID Bioinformatics Resource (version
6.8) [36]. Differentially expressed or ribosome associated in
wildtype or Adad1XKO/KO samples were clustered with medium
stringency by DAVID and categories with P values <0.05 were
selected as significant.
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Results

Loss of ADAD1 leads to abnormal sperm head
morphology and motility

Adadl mutants have previously been described as having
reduced sperm production and severely defective morphology
[21]. To better identify the aspects of spermiogenesis on which
Adadl may be acting, we undertook a detailed analysis of
Adadl mutant caudal sperm. First, DNA compaction was
examined via aniline blue staining, which stains lysine-rich
proteins such as histones but not protamines, which are rich
with arginine and cysteine [37]. As such, aniline blue is an
indirect measure of DNA compaction by acting as a proxy
for the histone to protamine exchange that occurs during mid-
and late spermiogenesis. This analysis (Supplementary Figure
S1A and B) showed an 8.5-fold increase in the frequency
of cells with strong aniline blue staining in Adadl mutants
as compared to wildtype, demonstrating increased histone
retention in mutant sperm and suggesting genome compaction
may be defective in Adadl mutant sperm.

As a more direct measure of DNA compaction, we stained
epididymal sperm with the DNA-staining dye DAPI and quan-
tified areas of intense DAPI staining, which correlates with
highly compact DNA [38, 39] (Supplementary Figure S1C and
D). This analysis showed that mutant sperm had a general
reduction in regions of intense DAPI staining in agreement
with the increase in aniline blue staining and suggesting an
overall reduction in DNA compaction. Previous reports have
suggested that DAPI and protamines bind DNA competitively
[40], thus potentially confounding our analysis. To eliminate
this possibility, we utilized a secondary fluorescent DNA stain,
chromomycin A3 (CMA3) [41]. Comparison of CMA3 and
DAPI staining (Supplementary Figure S1E) demonstrated near
perfect complementarity in CMA3-positive cells, confirming
the effectiveness of using DAPI intensity to quantify DNA
compaction. Thus, we quantified intense DAPI staining as
a function of head volume. In mutant sperm, this analysis
showed (1) an overall reduction in head volume (Supple-
mentary Figure S1G) and (2) a reduced fraction of the head
volume is composed of intense DAPI staining (Supplemen-
tary Figure STH). Together, these results suggest a defect in
DNA compaction in Adadl mutant sperm and further show
a potentially broader abnormality leading to overall head
morphology defects.

Findings from a previous genetic model suggested that
mutation of Adadl leads to defective sperm motility [21]. To
determine if this was the case in our model, we performed
computer-aided sperm analysis on capacitated wildtype and
mutant caudal sperm (Supplementary Figure S2A and B). This
analysis revealed a distinct reduction in motility. In particular,
progressive motility and hyperactivation were significantly
reduced in the mutant versus the wildtype. To determine what
may be driving this reduction, we examined activation of the
protein kinase A(PKA) pathway, which is required for normal
sperm motility [42], by quantifying PKA autophosphorylation
as well as downstream tyrosine phosphorylation (Supplemen-
tary Figure S2C-F). Mutants showed significant reduction
in both cases, suggesting that PKA activation is impaired in
mutant sperm.

Adad1 mutant testes display limited changes in transcript
abundance

Our morphological and functional analyses indicate that
ADAD1 may be upstream of multiple spermiogenesis
processes. To determine the mechanism by which ADAD1
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may influence them, we examined total transcript abundance
in 28 dpp whole testis. Subtle changes in transcript abundance
may not be detected using this paradigm due to dilution from
other testicular cell types. However, ADADT1 is predominantly
expressed in round spermatids [20,21] and this time point was
selected to allow robust detection of round spermatid tran-
scripts, which dominate the testis transcriptome at this time
[27]. This point further reduces the frequency of elongating
spermatids, a cell population likely to be disproportionally
impacted by indirect ADAD1 effects. This analysis identified
very few changes in transcript abundance (Figure 1A). Using
an expanded testis transcriptome [32], over 55,000 genes
were detected; however, only 245 (0.43% of total detected
transcripts) were determined to be significantly differentially
expressed (DE) between wildtype and Adadl mutant testes
(Supplementary Table S2). Of these, only 78 (0.14% of total
detected transcripts) were up- or downregulated by 2-fold
or more in the mutant. Based on ontological and gene-level
analyses (see Supplemental Results, Supplementary Table S3,
and Supplementary Figure S11 and | for a full description), no
cohesive changes in gene expression could be identified that
would lead to the Adadl mutant phenotype.

Loss of ADAD1 leads to reduced ribosome
association of spermatid transcripts

Overall, the above analyses demonstrated that the molec-
ular action of ADAD1 is likely downstream of transcrip-
tion, but upstream of multiple spermiogenesis controlling
pathways. As ADAD1 was initially identified as a protein
that bound the 3’ UTR of spermiogenesis-important tran-
scripts [19], we next asked whether Adadl mutant testes had
any observable translation defects by leveraging the trans-
genic RiboTag model [23]. In this model, an HA-tagged
large ribosomal subunit protein is expressed under a cell-
specific Cre driver [24], which allows cell-type-specific ribo-
some labeling. Labeled ribosomes can then be used to iso-
late ribosome-associated mRNAs via immunoprecipitation
(IP). To determine transcriptome-wide changes in ribosome-
associated mRNAs with ADAD1 loss, we generated wild-
type and Adadl mutant mice in which Stra8-iCre drove
RiboTag expression specifically in differentiating germ cells.
RNA sequencing of HA immunoprecipitated (IP) samples
from 28 dpp testes was then used to quantify ribosome
association (RA) as a function of genotype. To correct for
any ADAD1-dependent differences in transcript abundance,
RA was expressed as the ratio of IP over total RNA and
significant differential ribosome association (DRA) was then
determined (Figure 1C). Based on morphological analyses,
DRA did not appear to be driven by changes in tissue cellu-
larity (Supplementary Figure S1I and J). We identified 1211
transcripts (4.41% of the total detected) with differential
ribosome association between wildtype and Adadl mutant
testes. The majority (1070 or 88.4% of DRA transcripts)
had lower ribosome association in mutants (Supplementary
Table S4) relative to wildtype. Ontological analysis of DRA
transcripts showed enrichment of multiple categories impor-
tant for spermiogenesis, the most significant of which were
spermatogenesis, protein transport, microtubule cytoskeleton
organization, mitotic cell cycle, microtubule-based process,
and cell differentiation. These categories included genes that
may be causative to the morphological defects previously
identified. Among these were transition protein 1 (Tnp1), pro-
tamine 1 and 2 (Prm1, Prm2),and A-kinase anchoring protein
4 (Akap4), all of which showed significantly reduced ribosome
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Figure 1. Adad7 mutant testes display limited changes in transcript abundance but many transcripts with reduced ribosome association. (A) Total
transcript abundance in 28 dpp wildtype and Adad1KK0 demonstrates very few transcripts with significant differential expression (DE) in Adad1 mutant
testes. Orange and blue points—significantly DE (P < 0.05 by EBSeq differential expression analysis). Number of significant DE genes reported in table
inset. (B) Expression of DE genes in isolated cells from wildtype testes demonstrates enrichment of spermatid expression in Adad 1K0/k0
downregulated genes. (C) Ribosome association (RA) of transcripts in 28 dpp wildtype and Adad7K0K0 demonstrates many transcripts have significantly
reduced RA in Adad7K9/KO testis. Orange and blue points—significantly differentially ribosome associated (DRA) (P < 0.05 by Welch's t-test). Number of
genes identified as significantly DRA reported in table inset. Select spermiogenesis genes of interest indicated, colors indicate DRA class defined in
table inset. (D) Expression of DRA genes in isolated cells from wildtype testes demonstrates enrichment of numerous spermatid genes.
Gonia—spermatogonia, Cyte—spermatocyte, Tid—spermatid. Percentage of DE or DRA genes with each cell type expression profile reported.

association in Adad1 mutants. This suggests that ADAD1 may
influence translation of key spermiogenesis genes, thus leading
to the ADAD1 phenotype.

Reduced ribosome association is linked to delayed
protein production

To further explore whether reduced ribosome association
resulted in abnormal translation of proteins important for
spermiogenesis, we defined the temporal appearance of two
physiologically relevant transcripts, Tnp1 and Akap4. Both
had reduced ribosome association in the mutant and both
have previously been identified as targets of translation

regulation in post-meiotic germ cells [6, 43]. In addition,

both are associated with processes that appear abnormal
in Adadl mutant sperm. TNP1 is fundamental for normal
genome compaction [14] and AKAP4 facilitates the signaling
necessary for normal sperm motility [44].

Previous studies have successfully used a temporal approach
to identify abnormal translation regulation in male germ
cells [15]; however, this method relies heavily on accurate
cell identification that requires tubule cross-section staging.
Unfortunately, most staging techniques utilize morphological
features of post-meiotic germ cells, which are perturbed
in Adadl mutants. To resolve this, we developed a stage
identification method wusing a combination of mitotic
and meiotic germ cell morphologies along with the mei-
otic marker synaptonemal complex protein 3 (SYCP3)
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Figure 2. Translation and transport of proteins important to spermatogenesis are delayed or reduced in Adad? mutant spermatids. (A)
Immunofluorescence of TNP1 in adult wildtype and Adad7KO/KO testis sections by stage showing delayed translation of TNP1 (asterisks) and failure to
import into the nucleus (arrowheads) in mutants. Dashed line in insets—nucleus. (B) Immunofluorescence of AKAP4 in adult wildtype and Adad1K0/k0
testis sections by stage showing delayed translation of AKAP4 (asterisks) and delayed tail import along with failure to export from the cytoplasm
(arrowheads) in mutants. All images are representative of biological triplicate. Inset location indicated by box. Stage indicated by Roman numeral. For

individual image staging criteria, see Supplementary Figure S7.

(Supplementary Figure S3). This approach allows highly
accurate cross-section staging even in the case of abnormal
post-meiotic germ cells, such as in Adadl mutants.

Using our newly developed staging technique, we exam-
ined TNP1 in wildtype and mutant adult testes (Figure 2A)
by stage. Translation of Tnp1 is temporally regulated, with
transcript accumulating in round spermatids and undergoing
translation suppression until translation is activated upon
spermatid elongation [6]. Thus, early appearance of TNP1
protein is indicative of failed translation suppression while
a delay indicates failed translation activation. Under normal
circumstances, spermatids accumulate cytoplasmic TNP1 by
step 9, as is observed in wildtype spermatids. However, in
Adadl mutant testes, cytoplasmic TNP1 accumulation was
not widespread until step 10. To confirm that this delay
was not a function of overall cellular delay, we examined
dissolution of the chromatoid body, a process uninfluenced
by genome compaction or head shaping, by IF detection of
the chromatoid body marker piwi-like protein 1 (PTWIL1)
[45] (Supplementary Figure S4A). In wildtype spermatids,
PIWIL1 remains localized to the chromatoid body until round
spermatids mature into elongating spermatids at step 10. This
localization pattern is clearly retained in mutant spermatids,
demonstrating that Adadl mutation does not directly influ-
ence maturation of spermatids during the round-to-elongated
transition. Based on this, the observed delay in Tnp1 transla-
tion is likely a function of the molecular activity of ADAD1
itself.

A similar analysis was performed for AKAP4, which in
wildtype spermatids first appears as a cytoplasmic protein in
step 14 elongated spermatids of stage II/III [43] (Figure 2B).
In contrast, Adadl mutant spermatids fail to initiate AKAP4
protein production until step 15 in stage IV. Quantification
of the above phenomenon (Supplementary Figure S4B and C)
confirmed a delay in both Tnpl and Akap4 translation in
Adadl mutants. For both Tnp1 and Akap4, ribosome asso-
ciation was found to be significantly reduced while transcript
abundance was effectively unchanged (Supplementary Figure
S4D). This, along with delayed protein appearance of both
TNP1 and AKAP4, demonstrates that ADAD1 is required for
the normal translation of specific spermiogenesis-associated
transcripts in elongating and elongated spermatids.

Adad1 mutant spermatids display distinct protein
transport defects

Although significant, the above identified translation delay
seems unlikely to result in the dramatic phenotypic changes
observed in Adadl sperm. However, both proteins have dis-
tinct subcellular localizations that are required for their activ-
ity [14, 44], and previous reports have suggested abnor-
mal translation may impact localization [15]. In wildtype
testes, TNP1 is imported from the cytoplasm into the nucleus
shortly after the protein is produced, in step 10 spermatids,
a process that is complete by step 13 [46]. Nuclear TNP1
localization is required for DNA compaction via the histone—
protamine exchange [47], which appears abnormal in Adad1
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mutant sperm. A detailed examination of TNP1 localization
in Adad1 mutants showed substantial defects (Figure 2A and
Supplementary Figure S4B). In addition to a delay in nuclear
import, complete nuclear import was never achieved, with the
majority of spermatids showing both cytoplasmic and nuclear
signal throughout development. Thus, reduced nuclear TNP1
localization along with reduced translation may be partially
causative to the abnormal DNA compaction of Adad1 mutant
sperm.

Like TNP1, AKAP4 has a distinct developmental pro-
tein localization wherein it is loaded onto the growing
spermatid tail starting in stage II-III step 14 spermatids,
nearly concurrent with the first appearance of protein [43]
and is mostly complete by step 15 in stage V. Similar
to TNP1, AKAP4 (Figure 2B and Supplementary Figure
S4C) underwent delayed and reduced transport in Adadl
mutant spermatids, as measured by clear AKAP4 cytoplasmic
retention in a subset of spermatids through step 16 in
stage VII. Functionally, once AKAP4 localizes to the sperm
tail, it acts as structural protein of the fibrous sheath and
facilitates anchoring of the PKA signaling complex, a process
required for normal PKA activation and ultimately normal
sperm motility [42]. Our previous observations suggested
that PKA signaling was reduced in Adadl mutant sperm.
Whether this was a direct effect of AKAP4 anchoring or
a result of other signaling abnormalities, such as reduced
cAMP response, remained unclear. However, treatment with
the cAMP cascade agonist dibutyryl cAMP along with the
phosphodiesterase inhibitor IBMX failed to rescue PKA
signaling (Supplementary Figure S2C-F), mimicking what
occurs when the AKAP-PKA interaction is inhibited via
specific peptides such as Ht31 [48]. Together, these findings
suggest that abnormal AKAP4 localization may be driving,
at least in part, decreased PKA activity and sperm motility in
Adad1 mutants.

Neither TNP1 nor AKAP4 ever achieve completely normal
localization; thus, these delays are unlikely to be exclusively
due to delayed protein production. Supporting this notion,
both have functions that rely on proper localization and
those functions appear perturbed in Adad1 mutants. Together,
these results indicate that Adad1 mutant spermatids not only
have delayed translation but also show abnormal intracellular
transport, leading to broad-scale defects in protein localiza-
tion and function.

Loss of ADAD1 leads to distinct defects in the
manchette, a spermatid-specific protein localization
microtubule network

Given the distinct subcellular localization defects in Adad1
mutant spermatids, we explored the possibility that intracellu-
lar transport was impacted by ADAD1 loss. The manchette, a
multifunctional microtubule network that forms just prior to
spermatid elongation, has been closely linked to intracellular
transport along with sperm head shaping [49]. Likewise,
known manchette mutants have distinct sperm morphologies
that resemble Adad1 mutant sperm [50-52], prompting us to
examine manchette morphology in Adadl mutants. We first
examined the localization of @-tubulin, a primary component
of the manchette microtubule structure [53], in isolated sper-
matids from wildtype and mutant testes (Figure 3A). Staining
in wildtype early elongating spermatids, which can be iden-
tified by an ovoid core of intense DAPI staining, showed a

cup-shaped a-tubulin distribution. Late elongating wildtype
spermatids, characterized by a narrow and pointed region of
intense DAPI staining, were found to display the classic “grass
skirt” structure indicative of a correctly formed manchette
[50, 54]. In contrast, mutant early and late elongating sper-
matids showed dramatic defects in both the amount and
distribution of a-tubulin. Adadl mutant manchette defects
included abnormal polarization, localization, and «-tubulin
abundance. Given the severity of the defects, we next asked
how and when these abnormalities arose.

Timing of manchette formation and dissolution is
abnormal in Adad7 mutants

The above analysis relied on isolated cells, which do
not provide the same developmental information as can
be derived from analysis of intact testes. To define the
developmental profile of manchette abnormalities in Adad1
mutant spermatids, we stained wildtype and mutant testes
for acetylated a-tubulin, which accumulates in the manchette
[55] (Figure 3B). In wildtype spermatids, manchette-localized
acetylated a-tubulin was first detected in step 9 spermatids
wherein it formed distinct, polarized cup shapes along the
basal aspect of the spermatid nucleus. Following this, signal
gradually reduced until it was no longer observed in the
spermatid cytoplasm, a process that is completed by step 11.
While mutant spermatids also start to accumulate acetylated
a-tubulin during step 9, acetylated «-tubulin localization
showed a much more diffuse signal, especially in steps 10
through 12. In addition, manchette-associated acetylated o-
tubulin was aberrantly retained in late elongated spermatids,
not disappearing until step 15 in stage IV. These findings
correlate well with the isolated cell analyses and strongly
indicate abnormal manchette formation.

To determine if additional manchette-associated proteins
showed any abnormal accumulation, localization, or dissolu-
tion, we next examined B-tubulin, another major component
of the manchette [53] (Figure 3C). In both wildtype and
Adad1 mutant spermatids, 8-tubulin begins to accumulate in
the manchette in step 8 spermatids. However, while 8-tubulin
staining showed a classic manchette structure in wildtype sper-
matids, it displayed abnormal polarization and localization in
Adadl mutant spermatids, mimicking the a-tubulin staining
seen previously. Furthermore, B-tubulin association with the
manchette in mutant spermatids was also retained beyond
that observed in wildtype spermatids, with manchette signal
disappearing by step 15 in stage V in wildtype but remaining
until step 15 in stage VI in Adadl mutant spermatids. The
obvious delay in manchette dissolution as well as the abnor-
mal morphology as seen by a-tubulin, acetylated a-tubulin,
and B-tubulin suggests that there is defective regulation of
the manchette in Adad1 mutant spermatids. It seems likely
that this deregulation is the primary driver of abnormal sperm
head shape and size in Adad1 mutants.

Although previous analyses demonstrated minimal changes
on the total transcript level, we wondered whether manchette
transcripts may show abnormal ribosome association in
Adadl mutants (Supplementary Figure S5). Of the 54
manchette-associated genes listed in [56], three (coiled-coiled
domain containing 42 - Ccdc42, RIMS binding protein 3 -
Rimbp3, and Sad1 and UNC84 domain containing 3 - Sun3)
were found to have reduced ribosomal association in Adad1
mutants while two (SNAP-associated protein - Snapin and
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Figure 3. Adad1 mutants have abnormal manchette morphology. (A) ICC of a-tubulin in adult wildtype and Adad7K9KC testicular cell spreads shows
abnormal localization in both early and late elongating spermatids. (B) Immunofluorescence of acetylated-a-tubulin (Ac-«) in adult wildtype and
Adad1KO/KO testis cross-sections shows delayed dismantling of the manchette (asterisks) along with abnormal acetylated-a-tubulin polarization
(arrowhead) in mutants. (C) Immunofluorescence of g-tubulin in adult wildtype and Adad 150K testis sections by stage showing abnormal localization
(insets) and delayed dissolution (asterisks) in mutants. All images are representative of biological triplicate. Inset location indicated by box. Stage
indicated by Roman numeral. For individual image staging criteria, see Supplementary Figure S7.

Sun3) were significantly reduced on the transcript level. The
role of CCDC42 in manchette dynamics is debatable [57] and
SNAPIN’s primary function is to facilitate vesicle transport
along microtubules [58]. As such, neither are likely to be
a primary driver of manchette abnormalities in the Adadl
mutant. In addition, while RIMBP3 has been implicated as

regulating manchette placement [52], it had only minimally
reduced ribosome association in the mutant making its role
in ADAD1-driven manchette defects unclear. Sun3, however,
which was reduced in both ribosome association and on the
transcript level, encodes a core component of the linker of
the nucleoskeleton and cytoskeleton (LINC) complex, which
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connects the manchette to the nuclear matrix [59]. Thus, its
reduction suggests some perturbation in the LINC complex
with Adad1 mutation.

LINC complex formation is abnormal in Adad1
mutants

The LINC complex is composed of SYNE (spectrin repeat
containing nuclear envelope protein, also known as KASH
and NESPRIN) and SUN proteins [59], which directly inter-
act both with the cytoplasmic microtubule network as well
as the intranuclear lamins (Figure 4A). Mutation of LINC
complex components can lead to defective sperm head shape
[60], though detailed mechanistic understanding of how is
still somewhat undefined. Given the abnormal head shape
in Adadl mutant sperm along with the reduced expression
and ribosome association of Sun3, we next investigated the
protein localization and expression of key LINC complex
components by developmental stage. We first examined SUN3
(Figure 4B), which showed accumulation in both wildtype and
Adad1 mutant spermatids starting at step 8 round spermatids,
though with reduced intensity in mutant versus wildtype
consistent with the overall reduced transcript abundance and
ribosome association. While SUN3 demonstrated polarized
localization similar to wildtype in step 8 spermatids, by step
11 spermatids localization was severely perturbed in Adad1
mutant spermatids with reduced polarization and incom-
plete association with the entirety of the spermatid basal
aspect. This was coupled to clear reduction of protein in step
12 spermatids. The abnormal polarization and localization
was retained throughout mutant spermatid development until
SUN3’s disassociation with the manchette, which occurred at
step 15 in stage V in wildtype but not until step 15 in stage VI
in Adadl mutants.

Having observed abnormal abundance and localization for
SUN3, we next examined SYNE1 (Figure 4C), which con-
nects SUN3 to the cytoplasmic microtubule network [59]. As
expected, in wildtype spermatids SYNE1 was first detected in
step 9 spermatids as an accumulation along the basal aspect
of spermatid nuclei in a shape reminiscent of the manchette
cup structure. Detection in Adadl mutant spermatids did not
occur until step 10. Although Synel was not identified as DRA
in our ribosome association analysis, direct examination of the
data (Supplementary Figure S6A) revealed a trend for reduced
ribosome association in mutants in the absence of altered tran-
script abundance. This pattern, in conjunction with delayed
protein appearance, suggests that ADAD1 also influences the
translation of Synel. In conjunction with delayed appearance
in mutant spermatids, once detected SYNE1 failed to display
the distinct polarized accumulation observed in wildtype sper-
matids. In addition, SYNE1 displayed a delay in disassociation
with the manchette, which occurs by step 15 in stage V in
wildtype testis but not until step 15 in stage VI in Adadl
mutant testis. SYNE1’s failed disassociation aligns temporally
with both SUN3 as well as B-tubulin, suggesting that the
defects in both manchette formation and dissolution in Adad1
mutants are coupled to abnormal LINC complex remodeling
in Adadl mutant spermatids.

Lamins function as the primary structural element of the
nuclear membrane [61]. As such, they play diverse roles in
nuclear biology, including mediating interactions with the
cytoplasmic manchette via the LINC complex [62]. As a last
measure of LINC complex formation and remodeling, we
investigated Lamin B3 in both wildtype and Adad1 mutant
testes as a function of cell development using a pan Lamin

B2/3 antibody (Figure 5A). Lamin B2 is not detected in murine
spermatids [63]; however, B3 is specifically known to localize
to the basal aspect of developing spermatids [64] and is a
likely binding partner for spermatid expressed SUN proteins
[62]. Protein accumulation of Lamin B3 initiated in step
7 spermatids in both wildtype and mutant testes, with no
quantitative differences in membrane association and polar-
ization in mutants relative to wildtype. As expected based on
normal protein accumulation, Lmnb2, which encodes both
Lamin B2 and B3, had unchanged abundance and ribosome
association in the mutant (Supplementary Figure S6A). How-
ever, by step 9, there was a distinct localization failure in
mutant spermatids. Furthermore, in step 10 wildtype sper-
matids Lamin B3 was no longer detected but was still highly
abundant in Adadl mutant spermatids, mirroring localization
and polarization abnormalities observed in 8-tubulin, SYNE1,
and SUN3. Quantification of this observation (Supplementary
Figure S6B) confirmed the initial analyses. Together, these
results demonstrate that lamin distribution, but not transla-
tion, in mutant spermatids is abnormal, which may be con-
tributing to the observed changes in LINC complex formation
and dissolution (Figure 5B). In addition, they suggest that
elongating spermatid nuclear structure initiates properly in
mutant spermatids but defects arise shortly thereafter.

Loss of ADAD1 leads to reduced translation of
multiple nuclear pore complex components

While the defect in LINC complex remodeling may be
causative to the Adadl phenotype, we wondered whether
other nuclear dynamics may also be impacting germ cell
development with ADAD1 loss. To that end, we focused on
members of the nuclear pore complex (NPC). The NPC is
a multifaceted regulator of nuclear biology, acting as the
primary mechanism for nuclear import and export of proteins
and mRNAs [65] while also defining nuclear structure via
association with both the intranuclear lamina [66] and the
cytoplasmic manchette [67].

To determine the impact of ADAD1 loss on the NPC, we
queried our ribosome association and expression data for
NPC components (Figure 6A). This analysis identified multi-
ple transcripts encoding NPC proteins with reduced ribosome
association in the mutant. Of special interest were nuclear
pore membrane protein 121 (Pom121) and nucleoporin 210
(Nup210), which encode two of the three core NPC proteins
[68]. These proteins span the nuclear membrane and their
loss has profound impacts on the NPC as well as overall
nuclear structure [69, 70]. Immunofluorescent localization
of POM121 in elongating spermatids (Figure 6B) demon-
strated a distinct polarized localization starting at step 9
and continuing through to step 12 in the wildtype. In the
mutant, polarization as well as signal intensity was reduced
at first detection, in step 9 spermatids. These abnormali-
ties continued throughout spermatid development. Similarly,
NUP210 (Figure 6C) appeared reduced with abnormal local-
ization in mutant spermatids relative to wildtype. However,
these defects arose somewhat later than for POM121, in step
12 spermatids. Together, the reduced ribosome association
and reduced signal intensity of POM121 and NUP210 in
mutant spermatids suggest that regulating translation of the
NPC encoding transcripts is a primary function of ADAD1
and strongly imply the Adad1 mutant phenotype is, at least in
part, a result of abnormal NPC function and/or localization
early in elongating spermatid development.
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individual image staging criteria, see Supplementary Figure S7.

Discussion

The underlying drivers of the Adad1 mutant phenotype have
been, to date, unknown. This work represents the first attempt
to define on a physiological and molecular level the role of
ADAD1 during spermiogenesis. Our analyses show that loss
of ADADL1 leads to reduced sperm motility along with dis-
tinct sperm head morphological defects, in particular reduced
DNA compaction and overall head volume. A recent study
suggests a similar impact of ADAD1 mutation in humans

as individuals with pathogenic ADAD1 mutations present
with reduced sperm motility and sperm head shape abnor-
malities [71]. Although Adadl mutant testes show minimal
gene expression changes, the dramatic reduction of ribosome
association in numerous spermatid transcripts demonstrates
that ADAD1 influences translation of specific transcripts.
This is further supported by delayed protein accumulation of
two well-defined targets of translation regulation, Tnp1 and
Akap4, important for DNA compaction [14] and sperm tail
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function [44], respectively. This, in the absence of delayed
cellular differentiation, strongly implies that ADAD1 acts
as a transcript-specific translation activator. An unexpected
outcome of these analyses was the observation that Adadl
mutant spermatids also showed delays in protein subcellu-
lar localization not explained exclusively by delayed protein
accumulation. Coincident with the observed protein transport
abnormalities, we observed severe manchette defects along
with aberrations in the deposition, structure, and dissolution
of the nuclear-cytoplasmic connecting LINC complex. Further
exploration of nuclear dynamics in Adad1 mutant spermatids
revealed distinct translation defects in nuclear pore complex
encoding transcripts including reduced ribosome association
along with reduced or delayed protein accumulation and
abnormal localization. Together, this work defines ADAD1
as a transcript-specific translation regulator important for
normal elongating spermatid nuclear dynamics and sperm
morphogenesis.

The primary goal of this work was to identify the molecular
function of ADAD1 during spermiogenesis. Previous works
had proposed it to be involved in translation regulation and/or
RNA editing [19, 21]. The second proposal was based on the
presence of an adenosine deaminase (AD) domain in ADAD1
and the observation that many AD domain-containing pro-
teins influence RNA editing [22]. However, more recent work

demonstrated limited impact on mRNA editing in Adadl
mutants [20], bringing the current understanding into ques-
tion. The data reported here suggest that ADAD1 functions
at the level of translation in the round spermatid. Although
our analysis is unable to define cell-level changes in trans-
lation, the approach was designed to detect population-level
changes, specifically in round spermatids. Reduced ribosome
association coupled to delayed protein accumulation suggests
ADAD1 is required for the normal accumulation of specific
transcripts on the ribosome. While very few transcript-specific
translation activators have been identified in the male germ
cell, there is evidence in other systems that male germ-cell
expressed RNA-binding proteins can act as such in specific
contexts. For example, DAZL (deleted in azoospermia-like)
acts as a translation activator in oocytes [72] while pumilio
proteins have been shown to have non-canonical translation
activating properties in embryonic stem cells [73].

Although the exact mechanism by which ADAD1 acts
remains unclear, insight on a potential mechanism can
be found from studies of other AD domain-containing
proteins. Several recent reports have identified roles for
AD domain-containing proteins in various aspects of RNA
biogenesis, including splicing [74] and mRNA abundance
[75]. Of special relevance to ADAD1, a widely expressed
AD domain-containing protein, ADAR (adenosine deaminase,
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Figure 7. Proposed model of ADAD1 action. In elongating spermatids, ADAD1 regulates the translation of transcripts important for spermiogenesis,
including those encoding the histone replacement protein TNP1 and proteins of the nuclear pore and LINC complexes. The correct translation of these
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RNA-specific), modulates mRNA stability by competitively
binding to double-stranded RNA structures in the 3’ UTR of
mRNAs targeted for degradation [76]. This activity is medi-
ated via its double-stranded RNA-binding motif (dsRBM),
which is similar to the one found in ADAD1. While we observe
no global transcript abundance changes in Adadl mutants,
it is feasible that ADAD1 may influence transcript-specific
translation by competitively inhibiting 3’ UTR binding
by other regulatory RNA-binding proteins. Alternatively,
ADAD1 may act indirectly to influence transcript-specific
translation via an undefined mechanism. Future efforts will
aim to address these outstanding mechanistic questions.

This work identified abnormalities in translation and/or
localization in Adadl mutants of three intrinsically linked
structures: the NPC, LINC complex, and manchette. In the
context of the nuclear membrane, the NPC plays an especially
important role in modulating both the protein composition
and localization of the LINC complex and lamin matrix
[77, 78]. Thus, it is unsurprising that in Adadl mutant sper-
matid defects in NPC composition are nearly concurrent with
observed aberrations in nuclear lamins and other LINC com-
plex components. However, it remains unclear whether LINC
complex defects are exclusively due to NPC abnormalities, a
direct effect of failed translation regulation by ADAD1, or a
combination of both. Temporally, NPC and LINC complex
alterations precede changes to the manchette, suggesting that
they are upstream. Given this, we propose a model (Figure 7)
whereby delayed and abnormal NPC and LINC remodeling
in elongating spermatids lacking ADAD1 triggers a cascade of
molecular events leading to abnormal manchette remodeling
and protein localization. Ultimately, these aberrations give rise
to the range of physiological deficiencies observed in mutant
sperm. This work defines the NPC and LINC complex as
targets of translational regulation in post-meiotic germ cells
and ADAD1 as a key regulator thereof. Buoying our results,
other reports have suggested that individual elements of the
NPC are targets of regulated translation [79]. In total, these
analyses define a new level of regulation for nuclear events in
the spermatid and identify ADAD1 as a potent regulator via
translation activation.

In addition to the above findings, this work describes sev-
eral cases of transcripts with abnormal translation in Adad1
mutant spermatids concurrent with failed intracellular protein
transport of their products. Although translation timing and
protein localization have been hypothesized to be coupled

during spermiogenesis [15], no coherent mechanism has been
described. A natural extension of our proposed model of
ADADI1 action is that translation may be a key level of reg-
ulation for protein transport in the spermatid. This suggests
that spermatids could leverage a cohesive process wherein the
translation of functionally important proteins such as TNP1
and AKAP4 is coordinated with their transport via transla-
tion control of transport mechanisms such as the NPC and
manchette. While over-simplified, this translation-transport
model provides a platform from which new hypothesis can
be generated and tested.

In addition to defining translation as a new level of reg-
ulation for the LINC complex, these studies represent the
first time that formation dynamics for the manchette-LINC
association has been described on this scale. Immunofluores-
cent studies of intact adult testes provide important develop-
ment context missing in isolated cell analyses [80], the most
common approach for manchette studies. By leveraging intact
testes, our findings demonstrate the stepwise formation of
the manchette-LINC connection, which appears to initiate
with deposition of Lamin B3 along the nuclear membrane,
followed by formation of the SUN3-lamin interaction, and
finally connection to the microtubule network via SYNE1 that
occurs concurrent to the loss of Lamin B3 in the nucleus.
The interplay and interdependence of these steps are likely to
be important drivers of post-meiotic germ-cell differentiation
and as such represent important avenues for further study. Of
particular interest is the observation that ADAD1 influences
lamin deposition, likely as a result of its impact on the NPC
and LINC complex. Lamins are known to be key drivers of
chromosome dynamics during meiosis [81] and in particular
play fundamental roles in chromosome bouquet formation,
necessary for proper meiotic progression [82]. However, very
little is known about whether lamins play a similar role
in post-meiotic cells, which also display distinct telomeric
localizations during spermiogenesis [83]. Identification of a
homologous mechanism in post-meiotic cells would dramati-
cally expand our understanding of chromosome dynamics as
they relate to the fundamental process of spermatid genome
organization.

In sum, our studies of Adadl mutant spermatids have
revealed ADAD1 to be a transcript-specific translational acti-
vator during the later portion of spermiogenesis. In particular,
it has profound impacts on two important nuclear com-
plexes, the NPC and LINC complex, as well as an apparent
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indirect effect on the manchette. Changes to these fundamen-
tal structures likely give rise to the myriad of cell physiology
abnormalities in Adad1 mutant spermatids. Furthermore, they
suggest that translation regulation plays an important role
in the proper temporal localization of post-meiotic germ-cell
proteins. The outstanding questions stemming from this study
regarding ADAD1 mechanism, protein transport regulation in
spermatids, and spermatid NPC and LINC complex biology
represent promising avenues that will shed considerable light
on these relatively poorly studied aspects of male germ-cell
biology.
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