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ABSTRACT

CARM1 is a protein arginine methyltransferase
(PRMT) that has been firmly implicated in transcrip-
tional regulation. However, the molecular mecha-
nisms by which CARM1 orchestrates transcriptional
regulation are not fully understood, especially in
a tissue-specific context. We found that Carm1 is
highly expressed in the mouse testis and localizes to
the nucleus in spermatids, suggesting an important
role for Carm1 in spermiogenesis. Using a germline-
specific conditional Carm1 knockout mouse model,
we found that it is essential for the late stages of
haploid germ cell development. Loss of Carm1 led to
a low sperm count and deformed sperm heads that
can be attributed to defective elongation of round
spermatids. RNA-seq analysis of Carm1i-null sper-
matids revealed that the deregulated genes fell into
similar categories as those impacted by p300-loss,
thus providing a link between Carm1 and p300. Im-
portantly, p300 has long been known to be a ma-
jor Carm1 substrate. We found that CREM+, a key
testis-specific transcription factor, associates with
p300 through its activator, ACT, and that this inter-
action is negatively regulated by the methylation of
p300 by Carm1. Thus, high nuclear Carm1 levels neg-
atively impact the p300eACTeCREM=~ axis during late
stages of spermiogenesis.

INTRODUCTION

Arginine methylation is a widespread post-translational
modification (PTM) that has been linked to the regula-
tion of a broad swath of biological processes (1). Quan-
titative high-resolution mass-spectrometry analysis has re-
vealed that ~7% of all arginine residues in ~3300 human
proteins are methylated in the HEK293 cells, which is com-
parable to global serine phosphorylation and lysine ubig-
uitination levels (2). Methyl marks on arginine residues are
capable of providing docking sites for ‘reader’ proteins, and
competitively masking the deposition of neighboring PTMs
in downstream signaling cascades (3). Arginine methyla-
tion is catalyzed by nine protein arginine methyltransferases
(PRMT1-9), which are classed into three enzyme types.
CARMI1 (along with PRMT]I, 2, 3, 6 and 8) is a Type [
enzyme, which catalyzes the asymmetrical di-methylation
of arginines (ADMA). Type II enzymes (PRMTS and 9)
deposit symmetrical di-methylarginines (SDMA) marks,
and there is a single Type III (PRMT7), which can only
monomethylate substrates (1,4-6). Both histones and non-
histone proteins can serve as substrates for PRMTs, and
in the context of transcriptional regulation, these enzymes
function as both transcriptional activators and repressors
(5,7).

CARMLI, also referred to as PRMT4, was the first mem-
ber of this family to be identified as a transcriptional reg-
ulator, through its ability to be recruited by nuclear re-
ceptors, via the p160 coactivator family, to chromatin (8).
The recruitment of CARMI to transcriptional promoters
results in the methylation of the pl160 coactivator family
(SRC-1, SRC-2/GRIP1 and SRC-3/NCOA3/AIB1), the
histone acetyltransferases (p300/CBP), and histone H3
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(8-10). These methylation events generally enhance gene
activation (11). Therefore, CARMI1 is considered a sec-
ondary coactivator for nuclear receptor-mediated transcrip-
tion. Moreover, H3R17me2a ChIP studies showed elevated
levels at a number of gene promoters (12-19), indicating
that CARMI1 functions as a rather general coregulator
for a large number of transcription factors including p53,
YY1, NF-kB, PPARy, RUNXI1 and E2F1 (20). However,
there are also scenarios (with CREB and RUNX) in which
CARMI functions as a transcriptional repressor (21,22).
Gene ablation studies in mice revealed that CARM1 is vital
for survival after birth (23). Enzyme-dead CARM1 knock-
in mice phenocopy the null mice, indicating that CARM1’s
enzymatic activity is required for most of its in vivo func-
tions (24). CARMI1 knockout embryos are smaller in size,
and display a number of cell differentiation defects such as
a partial block in T-cell development (25) and improper dif-
ferentiation of lung alveolar cells (17) and adipocytes (19).
The functional importance of CARMI1 in germline devel-
opment has yet to be investigated, and it is the focus of this
study.

Our interest in studying the role of CARMI1 in germline
development was piqued for three reasons: First, Carml is
highly expressed in the mouse testis. Furthermore, Carml
is found in the cytoplasm and excluded from the nucleus
in many cell types (26), but during spermatogenesis its lo-
calization moves from cytoplasmic to nuclear during the
spermatocyte to spermatid transition, suggesting an impor-
tant role for Carm1 in the late stage of sperm development.
Second, methylarginine marks are ‘read’ by Tudor domain
(TDRD)-containing proteins (27), and a large number of
these TDRD proteins are preferentially expressed in the
male germline. These testis-specific TDRD proteins recog-
nize the methylated arginine motifs at the N-terminal of
PIWI family proteins (MILI, MIWI and MIWI2), which
bind a specific population of small RNAs (piRNAs) (28,29).
Mouse knockout studies demonstrated these TDRD family
proteins (TDRDI, 2, 7, 9 and 12) are essential for retro-
transposon repression and germ cell development in the
mouse testis by regulating the PIWI-piRNAs pathway (30—
33), thus strongly implicating the PRMTs in these processes.
Third, using pan SDMA and ADMA antibodies, it has been
reported that arginine-methylated proteins are abundant in
the testis (27,34-37). Genetic studies revealed that the con-
ditional loss of Prmt5 (the enzyme responsible for over 90%
of the SDMA production) in germ cells led to the depres-
sion of retro-transposons due to the failure of H4R 3 methy-
lation, and the induction of apoptosis (38) and Prmt5 dele-
tion in the postnatal testis resulted in an early developmen-
tal arrest in the spermatocytes owing to a defective PIWI-
piRNA pathway (39). Thus, SDMA deposition is important
for germline development, but the biological implication of
ADMA deposition is still unclear.

In this study, we discovered that CARMI is abundantly
expressed in the testis, as compared with other organs, with
especially strong expression at the late stages of haploid
spermatids. We generated a mouse model with a conditional
germline loss of Carml using Stra8-Cre, and found that
this PRMT is not required for spermatocyte development.
It is however essential for the late stages of haploid sper-
matids development. We show that the normal transcrip-

tional regulatory functions of Carml in the late stages of
spermiogenesis are orchestrated, at least in part, through
the methylation of GRIP1 binding domain (GBD) domain
of p300, which abolishes the interaction between p300 and
ACT coactivators, thus repressing the expression of a co-
hort of CREMrt-bound target genes. Therefore, CARMI
counteracts the positive transcriptional activity driven by
the p300eACTeCREMT axis, uncovering a unique ‘co-
repressor’ role for this PRMT in germline development that
is distinct from its traditional ‘co-activator’ role in nuclear
receptor signaling.

MATERIALS AND METHODS
Mice

Stra8-Cre in the C57BL/6J background was purchased
from the Jackson Laboratory. Floxed Carml mice
(Carm1%/M) were generated as described previously in the
mixed C57BL6J/129 background. Male Stra8-Cre mice
were first crossed with female Carm1"% mice to generate
the Stra8-Cre/Carml1*/" males. Stra8-Cre/Carm1*/f
male mice were then bred with female Carm1¥/f to get
the Stra8-Cre/Carm1%/2 (designated as cKO) males. All
animal experiments were conducted with the approval of
the Institutional Animal Care and Use Committee of The
University of Texas MD Anderson Cancer Center.

Antibodies

The antibodies used in this study were as follows (listed in
the format of name, supplier, catalogue, dilution): Rabbit
a-CARMI1 (Bethyl lab, A300-421A, IP/5ng, WB/1:1000);
Rabbit «-CARMI1 (gift from McGill University, Dr
Stephane Richard, IF/1:500; WB/1:1000); Rabbit a-H2B
(Active Motif, No. 39125, 1:500 for WB); Rabbit a-H2A
(Active Motif, No. 39209, 1:500 for WB); Mouse a-p300
(Santa Cruz, sc-48343, 1P/10png, WB/1:200); Mouse «-
FHLS/ACT (Santa Cruz, sc-101045, IP/10png, WB/1:500);
Rabbit «-p300 (Elabscience, E-AB-32456, WB/1:1000);
Rabbit a-p300R2142me2a (gift from University of South
California, Dr Michael R. Stallcup, WB/1:200); Rabbit a-
D4HS5 (In-house generated, a-ADMA, WB/1:1000); Rab-
bit a-BL8242 (In-house generated, a-SDMA, WB/1:1000);
Mouse a-Actin (Sigma, 1:10 000 for WB); HRP conjugated
Sheep a-mouse I1gG (GElifescience, NA931-1ML, 1:10 000
for WB); HRP conjugated Donkey a-rabbit 1gG (GElife-
science, NA934-1ML, 1:10,000 for WB).

Plasmids

GST-tagged plasmids for ACT fusion series were con-
structed in the pEGFP-C1 vector (Clontech). Total testic-
ular RNAs were purified from the adult mouse testis us-
ing the Trizol reagent (Invitrogen). First cDNA synthesis
was performed by using a Superscript III first strand syn-
thesis kit (Invitrogen). Different deletion mutants of FHLS
were amplified by corresponding PCR primer pairs car-
rying two restriction enzyme cut site sequences (BamHI
and Xhol) using The Advantage 2 PCR Kit (Clontech, Cat



No: 639206). Following double enzyme digestion, the dele-
tion fragments were ligated to the pEGFP-C1 vector plas-
mid using the T4 ligase (Invitrogen). The inserts were veri-
fied by colony-PCR and Sanger sequencing. Full length of
WT Carml and Enzyme-dead Carm1 plasmid (CARMI1d)
were generated as described before. Full-length His-tagged
p300 plasmid (pcDNA3.1-p300) was a gift from Dr Xiaob-
ing Shi (MDACC). GST-tagged fusion p300 plasmids were
generated using the pGEX-6p-2 vector (GE lifescience)
from Dr Michael Hottiger (University of Zurich) as fol-
lows: GST-p300 (1-672), GST-p300 (672-1193), GST- p300
(1069-1459), GST- p300 (1459-1892), GST-p300 (1893—
2414). Flag-tagged p300 plasmids were a gift from Dr Chris-
tine Neuveut (Institut Pasteur). Plasmids for Flag-tagged
CREMrT, HA-tagged GCNF, CRE/NR-PRL-Luc were
generated as previously described (40). Dual binding site se-
quence (5'-ggtatcctttgtgaggtcaacaatga-3') for CREM+t and
GCNEF transcription factors was inserted upstream of the
minimal rat prolactin (PRL) promoter in the pGL3-basic
vector (Promega).

Histology, immunohistochemistry and immunofluorescence
staining

For Hematoxylin-Eosin (HE) staining, freshly dissected
testis and epididymis samples were fixed in Bouin’s solution
overnight at 4°C, followed by washing in 70% alcohol. All
tissues were subjected to standard paraffin-embedding and
5 pm sections were used for HE staining. Periodic acid—
Schiff (PAS) staining was performed in the Sum sections
according to the protocol described previously. For im-
munofluorescence staining, testis samples were fixed in 4%
PFA overnight at 4°C. Ten micrometer cryo-sections were
generated in the CryoStar™ NX70 Cryostat system (Ther-
moFisher). Antigen retrieval was performed by submerging
the slides in Citrate Buffer (pH 6.0) at boiling temperature
for 15min. Following washing in 1XPBS three times, sec-
tions were blocked in the 5% BSA buffer for 1 h at room
temperature. The primary antibody diluted as appropriate
was incubated with the sections overnight at 4°C. The sec-
ondary antibody labelled by alexa fluor 488/647 (Invitro-
gen) was incubated with the primary antibody-labelled sec-
tions for 1 h at room temperature. After extensive washing
in the 1x PBS buffer for three times, the slides were cov-
ered by a coverslip in the ProLong™ Gold Antifade Moun-
tant (ThermoFisher, Cat: P36930) and sealed with nail pol-
ish. Imaging was performed using the ZEISS LSM 880 sys-
tem following manufacturer’s instructions. The specificity
of the CARMI antibody was validated using western blot
on Carml~/- MEF cells and immunostaining on Carml
cKO testis. All immunostaining was performed in three bi-
ological replicates.

Western blot

Protein lysates were prepared using the RIPA buffer [SO mM
Tris—-HCI1 (1 M, pH 7.5), 150 mM NaCl, 2 mM EDTA,
0.1% SDS, 0.5% sodium deoxycholate (DOC) and 1% NP-
40, supplemented with protease inhibitor tablet (Roche)].
Protein concentrations were determined by the Bradford
protein assay (Bio-rad). 20-40 g protein samples were re-
solved in the 11% SDS-PAGE gel and semi-transferred to
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the PVDF membrane following standard protocols as de-
scribed previously. Immunoblots were blocked in the 5%
milk for 1 h at room temperature and incubated with the
primary antibodies overnight at appropriate concentrations
as described above. Following three washes in 1x PBS
buffer containing 0.05% Tween-20, the blots were further
incubated with the HRP-conjugated secondary antibody at
room temperature for 1 h. HRP-catalyzed luminescence sig-
nals were visualized using the Western Lightning™ Chemi-
luminescence Reagent Plus kit (PerkinElmer). All experi-
ments were performed in three biological replicates.

Co-immunoprecipitation (Co-IP) assay

HEK293 cells were co-transfected with 2 pg of GFP
tagged ACT plasmids (pEGFP-ACT-1 [FL], pEGFP-ACT-
2 [1-105], pPEGFP-ACT-3 [106-285], pPEGFP-ACT-4 [286—
468], pEGFP-ACT-5 [106-855], pEGFP-ACT-6[286-855],
pEGFP-ACT-7 [469-855], pEGFP-ACT-8 [643-855] vec-
tor, together with Flag-tagged p300 plasmid (5 pg), using
PEI transfection reagent at 1:5 ratio. Transfection efficiency
was monitored by the GFP expression using a fluorescent
microscopy. Protein lysates were collected in the RIPA ly-
sis buffer (50 mM Tris—-HCI, 150 mM NaCl, 1% Triton-
100, 0.05% SDS plus the Roche protease inhibitor cocktail)
at post-transfection 48 h. Protein concentration was deter-
mined by Bradford assay according manufacturer’s manual.
To determine the interacting domain of ACT with p300, co-
IP was performed using the GFP antibody (rabbit) against
the GFP-tagged ACT deletion mutants. GFP-ACT/p300
protein complex was pulled down by incubation with pro-
tein A/G agarose beads. Following four times of washing,
protein complex attached to the beads was dissolved in the
SDS sample buffer and subsequently resolved in 7% SDS-
PAGE gel. p300 protein was detected through anti-Flag an-
tibody. All experiments were performed in three biological
replicates.

Luciferase reporter assay

Luciferase reporter assay was performed in biological
triplicates in HEK293 cells (and was repeated in HelLa
cells). HEK 293 cells were cultured in high-glucose DMEM
medium (GIBCO) supplemented with 10% FBS at 37°C,
and were split into the 6-well plates one day before trans-
fection. Once the cells grew to 70% confluency the next
day, transfection was performed using the PEI transfection
reagent at a ratio of 1:2 of total DNA (ng) to PEI (ng)
following standard transfection protocol in the presence of
complete growth medium with 10% FBS. Renilla luciferase
vector was transfected simultaneously as the internal trans-
fection control. At 6 h post-transfection, medium was re-
placed with fresh complete DMEM medium. Cells were col-
lected for the luciferase assay around post-transfection 48 h
using the Dual-Luciferase Reporter Assay kit (Promega,
E1960). Luciferase luminescence intensity was recorded in
the GloMax 96 Microplate Luminometer (Promega).

For the CARM!1 inhibitor (TP-064) treatment, HEK293
cells were cultured in the complete growth medium of the
high-glucose DMEM supplemented with 10% FBS TP-064
was added to the complete medium at a concentration of
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500 nM. Medium was replenished every day and the cells
were cultured for a consecutive 4 days prior to transfection.

Centrifugal elutriation

The testes were collected and dissected free of the tunica al-
buginea in the IXKREBS buffer (0.326 g KH,POy, 13.95 ¢
NaCl, 0.589 g MgSQy, 4 g dextrose, 0.378 g CaCl,, 0.712
g KCI supplemented with 2% BSA). Then the testes tis-
sues were incubated with Collagenase IV at a concentra-
tion of 500 pwg/ml for 5 min at 37°C. Testes tissues were fur-
ther broken apart by pipetting up and down briefly using a
1 ml tip-cutted tip and incubated for another 5 min at 37°C.
After sedimentation on ice briefly, the interstitial stromal
cells in the supernatant were removed, and this procedure
was repeated up to five times to make sure all stromal cells
were cleared away. Next, 5 ml of 1 x HBSS (without calcium
and magnesium) solution was added to the tissue pellet
supplemented with the Trypsin (700 wg/ml) plus DNase 1
(30 pg/ml), and incubated at 37°C with continuous shaking
for 15 min. The cells were examined under a phase-contrast
microscopy to ensure the seminiferous tubules were sepa-
rated into single cell suspension. Trypsin digestion buffer
was removed by centrifugation at 1000 g for Smin. Cell
pellets were washed two times using ice-cold 1XKREBS
buffer. 10ml KREBS buffer, supplemented with 2% FBS
and DNase I (30 pg/ml), was finally added to the single cell
pellet and the sample was ready for elutriation. Centrifu-
gal elutriation was performed in the Beckman JES.0 Elu-
triator Centrifuge system (Beckman Coulter) following the
manufacturer’s protocol. The different fractions were col-
lected as follows: 150 ml total volume was collected at rotor
speed (3000 rpm) and pump speed (9.7 ml/min) for con-
densed spermatids (CS); 100 ml total volume was collected
at rotor speed (3000 rpm) and pump speed (17.5 ml/min)
for elongating and condensing spermatids (ECS); 150 ml
total volume was collected at rotor speed (2250 rpm) and
pump speed (12.4 ml/min) for round and elongating sper-
matids (RES); 150 ml total volume was collected at rotor
speed (2250 rpm) and pump speed (17.5 ml/min) for round
spermatids (RS); 150 ml total volume was collected at rotor
speed (2250 rpm) and pump speed (30 ml/min) for sperma-
tocytes. The cell purity for each fraction was confirmed by
H&E staining (Supplementary Figure S4) (41).

RNA extraction, RT-qPCR and RNA-seq

Total RNAs were extracted from testis tissue using Trizol
reagent following the manufacturer’s instructions. For RNA
extraction from purified cell types, collected cell pellets were
lysed in 500 wl Trizol reagent, followed by a column-based
purification protocol using the Direct-zol™ RNA MiniPrep
Kit by Zymo Research. Total RNA samples were further
treated by DNAase I (Ambion) prior to first strand cDNA
synthesis using a Superscript 111 first strand synthesis kit
(Invitrogen). For quantitative reverse transcription-PCR
(RT-gPCR) reactions, a PerfeCTa SYBR Green SuperMix
kit (Quantabio) was used along with gene-specific primers
following manufacturer’s instruction. Primers used are de-
scribed in the Supplementary Table S1.

RNA-seq analysis

RNA-Seq sequencing libraries were generated from total
RNA extracted from the two purified spermatid popula-
tions (round spermatids [RS] and elongating/condensing
spermatids [ECS]) following TruSeq Stranded Total RNA
Sample Prep protocol (illumina). The libraries were se-
quenced using 2 x 75 bases paired end protocol on Illu-
mina HiSeq 2000 instrument. Two biological replicates with
each sample purified from 10 testes were prepared for each
condition. 22-27 million pairs of reads were generated per
sample. Each pair of reads represents a cDNA fragment
from the library. The reads were mapped to mouse genome
(mm10) by TopHat (version 2.0.10) (42). By reads, the over-
all mapping rate is 95-97%. 92-95% fragments have both
ends mapped to mouse genome. The number of fragments
in each known gene from RefSeq database (downloaded
from UCSC Genome Browser on 17 July 2015) was enu-
merated using htseq-count from HTSeq package (version
0.6.0). Genes with less than 10 fragments in all the sam-
ples were removed before differential expression analysis.
The differential expression between conditions was statis-
tically assessed by R/Bioconductor package DESeq (ver-
sion 1.16.0). Genes with FDR (false discovery rate) <0.05,
fold change >2 and length >200 bp were called as differen-
tially expressed. Cbp/p300-sensitive genes were determined
with non-adjusted P-value <0.05 and fold change >+1.1 or
-1.1. The normal expression levels of genes in meiotic (Spc),
early (RS) and late (ES) post-meiotic cells were assessed us-
ing expression data obtained in the [llumina MouseWG-6
v2.0 expression beadchip array from wild type spermato-
genic cells enriched at the corresponding stages from pub-
lished (GSE46137 and GSE55767) as well as in-house un-
published data. The box plots represent the distributions of
quantile normalized expression values of all the genes in
each condition. Box plots corresponding to meiotic sper-
matocytes (Spc), round spermatids (RS) and elongating late
spermatids (ES) are respectively colored in red, green and
blue.

GST-tag protein expression and purification

GST-tagged plasmids for different deletion mutants of p300
(GST-p300-1[1-672], GST-p300-2 [672-1193], GST-p300-3
[1069-1459], GST-p300-4 [1459-1892], GST-p300-5 [1893—
2414] were generated. GST-tagged plasmids were trans-
formed into BL21 competent E.Coli cells. Protein expres-
sion was induced through the addition of isopropyl B-D-
1-thiogalactopyranoside (IPTG) to a final concentration of
0.5mM upon the OD®? of the culture medium reaching 0.6,
followed by further shaking in a 37°C incubator for 4 h or
at room temperature overnight. Cell pellets were collected
in 1 ml 1 x PBS and lysed by two rounds of sonication. The
supernatant was incubated with the Sepharose 4B agarose
overnight in the cold room. After four washes, the bound
GST-tagged proteins were eluted with reduced glutathione
solution for 4 h at 4°C.

GST pull-down

HEK?293 cells were transfected with the Flag-tagged full-
length FHLS5 plasmids in a 60mm dish. Cell lysates were



prepared using 500 wl RIPA buffer per dish on ice. Cell
lysates were pre-cleared by incubation with Glutathione
sepharose beads for 1 h at 4°C. Purified protein (10p.g) for
the GST-tagged p300 deletion mutants was incubated with
500 wl of lysate for 6 h at 4°C. Beads with the GST-bound
protein complex were washed four times using the RIPA ly-
sis buffer. The protein complex was then resolved by SDS-
PAGE, and subject to western blot analysis.

RESULTS
CARMI is highly expressed in haploid germ cells in the testis

An analysis of PRMT mRNA expression levels in hu-
man tissues, using the Genotype-Tissue Expression (GTEX)
database (43), revealed that CARMI1 is ubiquitously ex-
pressed, with the highest expression levels in testis (Figure
1A). Germ cell development is strictly time-defined dur-
ing embryonic and postnatal development in mammals.
Carm] mRNA is detected in the newly formed embryonic
testis at embryonic day 12 (E12), and expression increases
through postnatal development into adulthood, suggesting
its critical role during late stage of spermatogenesis (Fig-
ure 1B). Moreover, since the testis is composed of not only
germ cells at different developmental stages, but also Ser-
toli cells, we investigated which cell types Carml expres-
sion was predominant. To this end, we purified Sertoli cells
and germ cells at different stages, using centrifugal elu-
triation, followed by qRT-PCR of the purified RNA. We
found that Carm1 mRNA is detectable in Sertoli cells, but is
more abundantly expressed in the haploid spermatids (Fig-
ure 1C). Next, we performed immunofluorescent staining
of cryo-sections of adult testis to determine the expression
and localization of Carm1 protein. Within the epithelium of
seminiferous tubules, the entry of spermatogonia into meio-
sis, followed by the haploid spermatids elongation, occurs
in a cyclic fashion, whereby the differentiating spermatogo-
nia move from the basal compartment towards the lumen.
This process is spatially synchronized into 12 (I-XII) clas-
sified stages along the length of the tubules, with a single
stage being represented in one cross-section of the seminif-
erous tubules. Each stage is characterized by the distinct
combination of spermatogonia, spermatocytes and sper-
matids at different steps (a total of 16 steps) on basis of
acrosome morphology (44). Interestingly, the immunoflu-
orescent staining revealed that Carm1 subcellular localiza-
tion is highly dynamic (Figure 1D). Carml is present in
the cytoplasm of the early stages of spermatogenic cells, in-
cluding spermatogonia and spermatocytes (Figure 1D and
E). Following meiosis, Carml translocates to the nucleus
of haploid round spermatids, with the highest protein levels
detected in the nuclei of elongating spermatids (Figure 1D
and E). Of note, CARM1 protein is excluded from the het-
erochromatin structure referred to as Chromocenter, in the
round spermatids (Figure 1D).

Carml is essential for haploid germ cell development and
male fertility

To explore the physiological functions of Carml in sper-
matogenesis, we generated a conditional germline-specific
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Carm1 knockout mouse line using a well-established Stra8-
Cre line. Stra8-Cre is activated in the spermatogonial popu-
lation starting from postnatal day 3 (P3) (45). Mice harbor-
ing a floxed Carm allele were generated by flanking the ex-
ons 3 and 4 with lox-P sites, and deletion of these two exons
causes a frame shift (23,46). Through two steps of breed-
ing, we generated the Stra8-Cre;Carm/2 mice (hereafter
referred to as cKO) for all subsequent studies (Supplemen-
tary Figure S1A). Mice with germline-specific deletion of
Carm1 developed normally without any discernable gross
phenotype. Using western blot analysis, we confirmed that
CARMI protein is dramatically decreased in the cKO whole
testis (Supplementary Figure S1B) and is totally absent
in the Carm1 cKO haploid spermatids at different stages
(Supplementary Figure S2A), confirming that Carml is
tissue-specifically deleted. The testis size and weight of the
cKO are comparable to those of WT littermates at 6-weeks
of age, with a slight, but significant, decline in the testis
weight in 3-month old males (Figure 2A and Supplemen-
tary Figure S2B). To test whether Carm1 cKO has an im-
pact on germline development, we performed a fertility test
by breeding 2-month old cKO males, as well as WT male
littermates, with fertility-proven 3-month old WT females.
We found that while the WT male littermates can produce
an average of 6.7 pups per litter, half of the cKO males are
completely sterile and the other half produce very small lit-
ters (an average of 1.7) (Supplementary Figure S2C), indi-
cating that Carm1 is essential for male fertility. Next, we dis-
sected out the epididymis and examined the mature sperm.
Not surprisingly, we found that there is a significant drop in
the total number of sperm cells in cKO males as compared
to WT littermates (Figure 2B). Furthermore, there is an
accumulation of immature germ cells and aberrant sperm
in the cauda epididymis of cKO mice (Figure 2C). Phase-
contrast microscopic analysis revealed numerous anomalies
in sperm cells morphology and structure, including abnor-
mal head formations, acephalic/headless sperm and sperm
with a bent midpiece (Figure 2D and Supplementary Figure
S2D). Moreover, there is a dramatic decrease in the motil-
ity of cKO sperm (data not shown). The irregularly shaped
sperm heads, declined sperm count and sperm motility, to-
gether, account for the infertility /subfertility phenotype ob-
served in Carm1 cKO males.

To accurately determine at which step germ cell devel-
opment is impacted by Carml loss, we performed Periodic
acid—Schiff (PAS) staining on the cross-sections of paraffin-
embedded testis. Germ cell development can be divided into
a total of 12 (I-XII) stages, based on the morphology of
spermatid acrosome and the combinations of spermato-
genic cell types, in a specific cross-section of the seminif-
erous tubules (47). As shown in Figure 3A, we observed a
normal number of spermatogonia and meiotic spermato-
cytes at different stages in the cKO cross-sections testis. Fol-
lowing meiosis, the total number of early stage round sper-
matids (Step 1-6) are also unaffected in ¢cKO mice. How-
ever, we noticed a significant drop in the number of late
stage spermatids, starting from Step 7, in the cKO mice
(Figure 3A and B). To further consolidate this morpho-
logical data, we performed the qPCR assays using char-
acteristic germline-specific markers (Supplementary Figure
S2E-H). As expected, there was a significant reduction at
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Figure 1. Carm]l expression and localization in testis. (A) Carml mRNA expression levels in different human tissues as detected by RNA-seq from GTEx
database; RPKM, Reads Per Kilobase of transcript per Million; (B) Relative mRNA levels of Carm1 quantified by quantitative real time PCR (qPCR).
Testicular samples were collected at embryonic day 12 (E12) and E15, as well as postnatal day 0 (P0), P7, P14, P21 and P42. The mRNA levels at E12 were
arbitrarily set as 1; Data were calculated from biological triplicates and shown as mean+SD. (C) Relative mRNA levels of Carm1 quantified by qPCR
in purified germ cell populations from the testis; The mRNA levels in Sertoli cells were arbitrarily set as 1. Data were calculated from three biological
replicates with 5 mice in each pool, and shown as mean + SD. (D) Expression and localization of Carml protein by immunofluorescent staining (IF)
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The expression intensity and localization of CARM1 were summarized in (E). ‘+’ indicates the relative levels of Carml protein (top). Diagrammatic
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secondary spermatocytes. Roman numerals I-XII represent Stage [-XII in the seminiferous tubules of mouse. Arabic 1-16 numerals illustrate a total of
16 steps of haploid spermatids during elongation. The details of staging seminiferous tubules were described previously (44). Bar, 10 pm.

the mRNA levels of Carml in the ¢cKO testis (Supplemen-
tary Figure S2E). However, MVH, a germline protein that
is present in all stages of spermatogenic cells (48), started to
decrease from P30, which correlates with late stage haploid
spermatid development (elongating spermatids) (Supple-
mentary Figure S2F). The mRNA levels of the spermatid-
specific marker H1T2 (49) also decrease in the P30 testis

(Supplementary Figure S2G). In contrast, the expression
levels of the spermatocyte-specific marker SYCP3 (50) re-
mains constant in the testis of cKO males of different ages
(Supplementary Figure S2H). Together, these data suggest
that Carml is dispensable for meiosis, but critical for hap-
loid spermatids development.
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Global gene expression changes in the Carm1 KO spermatids

Numerous studies have characterized Carml as a tran-
scriptional co-regulator (22,51-53), and we were thus in-
terested in investigating the extent of genome-wide gene
expression deregulation in Carm1-null spermatids. To this
end, we made cell preparations enriched in spermatid
populations at two stages (round spermatids [RS] and
elongating/condensing spermatids [ECS]) by centrifugal
elutriation from both WT and cKO testes (Supplementary
Figure S4), and conducted RNA-seq analyses. A snapshot
of the genome browser from the RNA-seq data shows that
exon 3 and 4 of Carm1 were exclusively excised in the cKO
spermatids, as compared to the WT (Figure 4A), causing a
frame shift and thus confirming that Carm1 is specifically
abrogated in haploid spermatids. Consistent with its role
as a transcriptional regulator, we found 424 up- and 388
down-regulated genes (cutoft: >2 fold change, FDR < 0.05)
in round spermatids, and 815 up- and 686 down-regulated
genes in elongating/condensing spermatids, which repre-

sents mostly residual RNA produced from late round and
elongating spermatids (Figure 4B, Supplementary Tables S2
and S3). To eliminate the possibility that the DEGs profile
results from the disproportional ECS population, we ran-
domly selected a panel of 10 genes that have been demon-
strated to exhibit elevated expression trends in the ECS
(as compared to RS) in the WT testes (54), and compare
their expression levels in the ECS from the WT and ¢cKO
testes (Supplementary Figure S5). This analysis reveals that
their mRNA expression levels do not vary significantly be-
tween WT and cKO spermatids, which strongly supports
the fact that the gene expression differences in the ECS be-
tween WT and cKO cells are likely not due to gross al-
terations in the proportions of ECS subpopulations. We
expected that a large set of haploid-specific genes would
be deregulated in cKO haploid spermatids, since in these
cells a large number of germline-restricted proteins are syn-
thesized, which is required for the morphological assem-
bly (e.g. acrosome, flagellum) and nuclear condensation oc-
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Figure 3. Defective development of haploid spermatids in Carm1 cKO mice. (A) Periodic acid-Schiff (PAS) staining of the cross-sections of paraffin-
embedded testes from WT and cKO mice. Z, Zygotene; P, Pachytene; RS, Round spermatids; ES, Elongating spermatids. (B) Statistic comparison of the
average number of spermatids relative to Sertoli cells, calculated from PAS-stained cross-sections. Data were presented as mean & SEM. *P < 0.05; **P <

0.01 (Student’s 7 test).

curring exclusively at this stage. However, a Gene Set En-
richment Analysis (GSEA) suggested that the deregulated
gene sets were more particularly involved in specific activ-
ities such as metabolic process, oxidative process and gly-
cosylation process (data not shown). Gene Ontology (GO)
analyses demonstrated that specific ‘GO terms’, such as
cell adhesion, cell proliferation, and immune response were
also significantly over-represented in the Carm1 cKO sper-
matids (data not shown). The gene signature observed here
in Carml-null spermatids is reminiscent of the transcrip-
tional changes observed in CBP/p300 conditional KO sper-
matids as described in our previous work (54), which sug-

gested that CBP/p300 could play critical roles in specific
processes occurring at the late stages of haploid spermatids
development, including metabolic reprogramming. There-
fore, the present expression profiles of cKO spermatids sug-
gest a mechanistic link between Cbp/p300 and Carml in
late spermiogenesis, which we investigated next.

The functions of Carml and Cbp/p300 are entwined
in a number of different ways: (i) Cbp/p300 are well-
characterized substrates for CARMI1 (10,22), (ii) Cbp/p300
acetylation of the histone H3 tail primes Carml for methy-
lation (52,55,56) and (iii) recent structural studies show
that p300 complexes with Carml, and that this interac-
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tion impacts the enzymatic activity of both these enzymes
(11). We thus further explored the overlap of gene-sets that
are Cbp/p300 and Carml regulated in vivo. An analysis
of the deregulated gene expression profiles in Carm1 cKO
elongating spermatids reveals that the loss of Carml in-
duces similar numbers of genes to be up-regulated (815)
and down-regulated (686) (Figure 4C). We next investi-
gated which of these genes were also regulated by Cbp/p300
by integrating previously generated microarray-based tran-

scriptome data (GSES55767) (54) with our RNA-seq data,
and again identified both up- and down-regulated genes
(Figure 4D). Importantly, the RNA-seq analysis designed
to look for Cbp/p300 regulated genes was performed on
Cbp/p300 depleted (not null) spermatids, leading to the
identification of the deregulated transcriptional programs
likely to be the most sensitive to fluctuating Cbp/p300 ac-
tivity (54). Independently, we re-analyzed illumina-based
transcriptome data from multiple biological repeats of pu-
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rified germ cell populations (spermatocytes, round sper-
matids and elongating spermatids) from WT testes which
we had previously used as controls in our investigations
of various mouse models (54,57). By comparing these ex-
pression data, we explored the normal expression pattern
of the four differentially expressed gene clusters (Groups I-
IV) whose expression is affected by Carm1 cKO, and strat-
ified them by the effect of Cbp/p300 on their regulation
(Figure 4E). We were particularly interested in gene expres-
sion patterns which are different between spermatocytes
and round spermatids (when CARMI1 translocates into the
nucleus—Figure 1D and E), and between round and elon-
gating spermatids (when spermatid numbers drop in the
cKO—Figure 3B). Genes in Group II (Carml acts as a re-
pressor; Cbp/p300 acts as an activator) and Genes in Group
IV (Carm1 acts as an activator; Cbp/p300 acts as an activa-
tor) exhibit a rising expression trend during post-meiotic de-
velopment, and may thus be targets for Carm1 regulation as
their expression changes correlate with the nuclear translo-
cation of Carm1 and subsequent elevated levels. Carm1 and
p300 have long been known to have synergistic coactiva-
tor activity (58,59), which likely accounts for the Group IV
genes. What is unexpected here is the relatively large propor-
tion of genes in Group II, repressed by Carm1 and activated
by p300. We next investigated the possibility that Carm1
could function as a repressor by directly down-regulating
the coactivator activity of p300.

CARMI represses transcriptional activity of testis-specific
CREM~ transcription factor

Carml has been best characterized as a repressor through
its ability to block the activation of the cAMP response
element-binding protein (CREB) (22). CREB is closely re-
lated to CREMt (cAMP response element modulator tau)
(60), which is a master transcription factor that is exclu-
sively expressed in haploid germ cells, and CREMt KO
resulted in the early haploid germ cell developmental ar-
rest (61). Thus, we reasoned that CARMI1 may have an
impact on the transcriptional activity of CREM~. To in-
vestigate this possibility, we utilized a luciferase reporter in
which the DNA binding consensus sequences for CREM~
and GCNF, an orphan male germ cell nuclear factor,
were placed upstream of a minimal rat prolactin (PRL)
promoter (designated as CRE/NR-PRL-Luc) (40) (Figure
5A). We performed dual luciferase assays through the co-
transfection of CARM1 and CREM~ into HEK?293 cells.
While CREM~ transfection alone can significantly induce
the luciferase expression, transfection together with full-
length WT CARMI1 (Carmla) significantly dampened the
transcriptional activity of CREM+t (Figure 5B). This re-
pressor activity of Carml is dependent on a functional
methyltransferase domain (Carmld). Also, co-transfection
of GCNF (a factor known to counteract CREMT activ-
ity) (40), significantly reduces luciferase activity. We also
performed the dual luciferase assay in the presence of
the CARM 1-specific small-molecule inhibitor (CARM11)
TP064 and, as shown in Figure 5C, the transcriptional re-
pressor activity of Carm1 was abolished by CARMi treat-
ment. Together, these data (Figure 5B andC) support a

role for Carml and its activity as a repressor of CREMr~-
regulated transcription.

In somatic cells, CREM and CREB directly bind the
CBP/p300 coactivators in a phospho-dependent manner
to enhance its transcriptional activity (62). Using p300,
we next examined how Carml affects p300 activity in
the context of CREMr-responsive luciferase reporter. Co-
transfection of p300 significantly enhanced the expression
of CREMT reporter activity in a dose-dependent manner,
while a histone acetyltransferase (HAT) mutant form of
p300 did not augment CREMr-regulated transcriptional
activation (Figure 5D). Importantly, the transcriptional ac-
tivation of CREM~t by p300 was significantly abrogated
in the presence of CARMI1 (Figure 5D). In haploid sper-
matids, unlike somatic cells, CREMT is not phosphory-
lated at the key residue (S'!”) required for Cbp/p300 dock-
ing (63). Thus, in the context of germ cells, CREMt and
CBP/p300 likely interact through some other mechanism.
Indeed, a yeast two-hybrid screen with CREM+t as bait
identified Activator of CREMr in the Testis (ACT), en-
coded by the Fhl5 gene, which is specifically expressed in
haploid spermatids (63). Consistent with previous studies
(63), co-transfection of ACT significantly augmented the
CREMrT-mediated transcriptional activation, and we found
that the additional transfection of p300 further enhanced
luciferase activity (Figure SE). This data suggests that ACT
may be a linker between CREM+T and p300, a hypothesis
that we test below. Importantly, the co-activator activity of
ACT and p300 on the CREMT reporter was largely abol-
ished upon the addition of CARMI1 (Figure SE).

CBP/p300 interacts with ACT

ACT is likely an adaptor molecule as it is composed al-
most entirely of LIM domains, which are involved in
protein-protein interaction (64). It has been proposed that
ACT functions by recruiting other coactivators, to facili-
tate CREMr-driven transcription programs (65). Intrigu-
ingly, Carm1 cKO mice exhibit similar developmental de-
fects in the haploid spermatids as observed in the KO mice
of CREM+, Cbp/p300 and ACT (54,61,66,67), support-
ing a mechanistic link between these four factors. Addi-
tionally, luciferase assays demonstrated the functional in-
terplay among CREMr, p300, ACT and CARMI1 (Fig-
ure 5). We therefore tested whether ACT might associate
with p300 and recruit these coactivators to CREM~, and
reciprocal endogenous co-immunoprecipitation (co-IP) ex-
periments in the WT haploid spermatids using p300- and
ACT-specific antibodies demonstrated an interaction be-
tween these two proteins (Figure 6A). Next, we mapped
the interaction domain on ACT and p300. ACT has four
and a half LIM domains in the full-length protein (Figure
6B). The third LIM domain of ACT interacts with the P-
box of CREMT (63). Co-IP experiments with deletion mu-
tants of GFP-ACT mapped the p300 interaction to the first
LIM domain (Figure 6B). Reciprocal mapping using GST
fusions of the different domains of p300 and a GST pull-
down approach (68), revealed an interaction between the
C-terminal GBD domain and full-length GFP-ACT (Fig-
ure 6C). These results demonstrated a direct interaction, in
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cells and in vitro, between the first LIM domain of ACT and
the GBD domain of p300.

CARMI1 methylation of p300 restricts its binding to ACT

The ability of Carml to methylate p300 has been well-
documented, and these methylation motifs are located in
both the N-terminal end encompassing the KIX domain
and the GBD domain at the C-terminal (10,22,69). Among
the three potential methylated arginine residues of GBD,
R2142 has been validated to be the bona fide CARMI-
mediated methylation site in somatic cells (10). R2142 is
highly conserved across the mammal species. Since we
found that p300 specifically interacts with ACT through its
GBD domain (Figure 6C), we wondered how methylation
of p300 affects its ability to interact with ACT. To inves-
tigate this possibility, we first utilized a previously gener-
ated Carml flip-in HEK293 cell line (70), in which Carm1
protein levels can be dramatically induced. We confirmed

the induction of Carm1 with doxycycline (Supplementary
Figure S2A), and that elevated CARMI1 levels boost the
methylation of p300 using a pan ADMA antibody (Sup-
plementary Figure S2B). Next, we performed co-IP assays
using lysates from cells that were co-transfected with the
plasmids of p300 and ACT, with and without doxycycline-
inducible CARM1 overexpression. Using a methyl-specific
p300 antibody (R2142me2a) that was previously generated
(10), we again saw that methylation of p300 is elevated af-
ter Carml induction (Figure 7A). In reciprocal co-IP ex-
periments, we observed that CARM 1 overexpression weak-
ened the interaction between p300 and ACT (Figure 7A),
suggesting CARM 11-deposited methylation negatively reg-
ulates this protein-protein interaction.

To examine the potential in vivo relevance of this
methylation-regulated protein-protein interaction, we next
asked whether the R2142 of p300 is methylated in haploid
spermatids, and how Carm1-loss impacted the interaction.
First, we immunoprecipitated endogenous p300 and per-
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Figure 6. Mapping the interaction between ACT and p300. (A) Reciprocal endogenous Co-IP showing that ACT physiologically associates with p300 in
vivo in the round spermatids. (B) ACT interacts with p300 through its first LIM domain. GFP tagged ACT full-length and deletion mutants harboring
various number of LIM domains were constructed as indicated. Co-IP conducted using Flag-tagged p300, followed by western blot using GFP antibody
against GFP-tagged ACT fragments. (C) p300 interacts with ACT through its GBD domain at the C-terminal. GST-pulldown was performed using GST-
tagged p300 deletion mutants, followed by Western blot using the GFP antibody against the full-length ACT. Five deletion mutants of p300 constructs
were constructed as described previously. Black arrowheads point to the expected protein size as predicted.

formed Western analysis using antibodies against ADMA
and the R2142me2a mark, and found that p300 protein is
indeed methylated in vivo in both round spermatids and
elongating spermatids purified from wild type testes, but
not in Carm1-null spermatids (Figure 7B). Moreover, p300
is more heavily methylated at the R2142 site in elongat-
ing spermatids as compared to round spermatids (Figure
7B), consistent with the fact that CARMI is more abun-
dant in the elongating spermatids (Figure 1D and E). Im-
portantly, with Carm1-loss, we observed a stronger inter-
action between endogenous ACT and p300 in both round
and elongating spermatids (Figure 7B). Finally, we per-
formed reciprocal co-IP using lysates from purified elongat-
ing spermatids. Again we see that in the absence of Carml,
there is a stronger interaction between endogenous ACT
and p300 (Figure 7C). These results suggest that the methyl
mark in the GBD domain of p300 attenuates its interac-
tion with ACT in vivo, and that CARMI1 negatively regu-
lates p300e ACTeCREMT mediated transcription in hap-
loid spermatids.

DISCUSSION
Arginine methylation and spermiogenesis

PRMTS, 6 and 7 have been studied in male germ cells
to varying degrees. The functional significance of argi-
nine methylation in germline development was first recog-
nized with the genetic deletion of Dart5 (the fly ortholog
of mammalian Prmt5) (71), and subsequently the condi-
tional deletion of Prmt5 in mice (38). The primary targets

for PRMTS5 methylation in germ cells are the PIWI pro-
teins, which are preferentially expressed in the gonads in
both vertebrates and invertebrates (28) PIWI bind to a dis-
tinct population of small non-coding RNAs, termed PIWI-
interacting RNAs (piRNAs), ranging from 26- to 31-nt in
length, which are also primarily expressed in the gonads
(28,29). Methylated PIWI proteins are recognized by mem-
bers of the TDRD protein family (29), and genetic manipu-
lation of components of the TDRD/PIWI/piRNAs path-
way induces de-repression of the transposable elements,
thus leading to the spermatogenic arrest and male infertil-
ity (28,30,32). Genome-wide association studies (GWAS)
linked the Prmt6 variants to the infertility in the non-
obstructive azoospermia (NOA) patients (72). Further-
more, PRMT6 is localized to the nucleus of spermatogonia
and spermatocytes, with low levels of expression in Leydig
and Sertoli cells (73). Knockdown studies in GC-1 and GC-
2 germ cell lines, suggest that PRMT6 is involved in cel-
lular processes including cell migration and apoptosis, al-
though Prmt6~/~ males are fertile and no mechanism of
action was elucidated. Finally, PRMT7 has been implicated
in male germline genomic imprinting through its ability to
interact with CTCFL (also known as BORIS), methylate
histone H4, and promote the recruitment of DNA methyl-
transferases (74). It is important to note that CARM1 does
not methylate the same type of substrates as PRMT6, and
unlike PRMTS and 7, it deposits an ADMA mark. Itis thus
very likely that CARM1 exhibits distinct functions during
germline development, which are not redundant with other
PRMTs.
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Figure 7. p300 methylation at the GBD domain attenuated the interaction between ACT and p300 in vitro and in vivo. (A) The effect of overexpression of
CARMI on the interaction between ACT and p300. CARM1 was induced for overexpression by doxycycline in the inducible CARM1 Flip-in HEK293
cell line. Reciprocal co-IP was performed as indicated using Flag- and GFP-tag antibodies, followed by immunoblotting with the indicated antibodies.
(B) p300 is endogenously methylated at R2142 in the haploid spermatids. Endogenous p300 protein was immuno-precipitated with specific p300 antibody,
followed by immunoblotting with various antibodies as indicated. Note that Carm1 cKO abolished the ADMA mark on the p300 protein, and more bound
ACT protein was detected upon Carm1 cKO in the p300 immunoprecipitates. The heavy chain (HC) of IgG served as an antibody loading control. (C)
Endogenous co-IP was carried out in the round spermatids purified from the WT and cKO testes. Note that elevated binding affinity was observed between
ACT and p300 in the cKO spermatids. (D) A working model for the role of Carml-mediated methylation in haploid spermatids development. In the early
stage of haploid spermatids, ACT recruits p300 co-activators to activate germline-specific target gene expression. In the late stage of haploid spermatids,
a cohort of CREM1t /ACT-bound target genes must be temporally inhibited through the disassembly of the p300e ACTeCREMT axis by the methylation
of p300 by Carm1, for the last wave of metabolic reprogramming in the elongating spermatids.

The pleiotropic roles of CARMI in spermiogenesis tablish which of these gene sets were potentially direct tar-
gets of Carm1 regulation, but these experiments were un-
successful. Importantly, the spectrum of Carm]l-regulated
gene sets was implicated in metabolic processes and not, as
we expected, signatures related to haploid-specific gene sets.
The similarity of the Carm1 and p300 deregulated gene sig-
natures thus prompted us to investigate this pathway.

We should not disregard the potential indirect effects
of Carml on transcription regulation, which could occur
through the methylation of non-histone substrates that may
broadly impact splicing, translation and even chromatin
structure. For Instance, in late spermiogenesis, there are a
number of global chromatin remodeling processes that oc-
cur when histones are first replaced by testis-specific transi-
tion proteins (TNP1 and 2), and then by protamines (P1 and
2). This remodeling is critical for the formation of highly
condensed sperm chromatin. Importantly, both transition
proteins and protamines harbor a large percentage of argi-
nine residues (15-50%), which could be targeted for modi-
fication by the PRMTs. Indeed, mass spec studies have re-

Compared with other somatic organs, Carm1 is highly ex-
pressed in the testis, and CARMI1 protein exhibits dynamic
expression levels and distinct subcellular localization in the
germ cells at different stages (Figure 1). We thus initially hy-
pothesized that CARM1-mediated deposition of arginine
methylation marks may be essential for the functional in-
tegrity of TDRD/PIWI/piRNAs pathway, and therefore
anticipated that CARM1 would be involved in the devel-
opment of early spermatocytes. Unexpectedly, we found
that Carm1-null germ cells progressed normally through
meiosis to the haploid round spermatids during the first
wave of spermatogenesis. Nonetheless, transcriptome anal-
ysis of Carm1-null germ cells revealed significant perturba-
tions in the expression profiles of round spermatids (Figure
4), leading to the defective development of the elongating
spermatids (Figures 2 and 3). This transcriptome profiling
provided us with gene sets that were both up- and down-
regulated, and we attempted to perform Carml ChIP-seq
experiments in round and elongating spermatids to help es-
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cently identified a number of arginine-methylated sites on
the transition proteins, and CARM1 was shown to methy-
late TNP2 in vitro (75). The TNP2 protein is exclusively
translated in the elongating spermatids (from Step 9 on-
ward). In the Carm1 cKO model, we found defective sper-
matids occurring from Step 7 of spermatids (Figure 3),
which precedes the expression of TNP2. This does not rule
out a contribution of TNP2 methylation to normal late
stages of spermatid development, but does indicate that per-
turbations of different molecular pathways may contribute
to the defect observed in Carml-null spermatids. We did
not observe altered expression of transition proteins or pro-
tamines in our Carml cKO model. TP1 and TP2 mRNA
were not affected by CARMI loss, nor was the mRNA en-
coding H2A.L.2, a histone variant recently shown to be re-
quired for the chromatin loading of transition proteins (76).
Furthermore, CARMI is a known regulator of alternative
splicing. It is thus likely that Carml is regulating normal
spermiogenesis at multiple levels, including the structural
regulation of chromatin condensation, splicing, and the di-
rect positive and negative regulation of transcription.

p300 is recruited to CREM~ through ACT

One of the key molecular mechanisms that regulates sper-
matogenesis in a temporal spatially-specific manner is the
cAMP-dependent signaling pathway. Gene expression in
this pathway is primarily regulated by two members of the
bZIP transcription factors—cAMP-response element bind-
ing protein (CREB) and cAMP-responsive element modu-
lator (CREM) (60). In somatic cells, in response to external
stimuli or metabolic and developmental signals, both tran-
scription factors bind to the consensus palindromic CRE
element sequence (TGACGTCA), which are widely dis-
tributed in the genome, upon the phosphorylation of a ser-
ine residue (S133 in CREB, S117 in CREM) in the activa-
tion domain by the cAMP-activated protein kinase. Phos-
phorylated forms of CREB and CREM enable binding of
the CREB binding protein (CBP) and p300, which are well-
studied transcriptional co-activators, as well as the recruit-
ment of basal transcriptional machinery. There are multi-
ple variants of CREM present in different tissues owing
to the utilization of alternative promoters, polyadenylation
signals, and alternative splicing. CREM can function ei-
ther as a transcriptional repressor or an activator depend-
ing on whether it possesses a transactivation domain. Only
the shorter CREM variants (lacking the transactivation do-
main) are detected in the early stage of spermatogenic cells
(e.g. spermatogonia). Upon the onset of meiosis, full-length
isoform CREM (CREMT) is expressed, and is an abundant
master regulator of transcription in haploid spermatids. In
the testis, surprisingly, CREM~ activation bypasses the re-
quirement of serine phosphorylation through binding to a
spermatids-specific protein ACT. Here, we found that ACT
directly binds p300 through the first LIM domain and the
GBD domain, respectively. Thus, the p300e ACTeCREMT
axis represents a powerful transactivation signaling to or-
chestrate spermiogenesis in the testis.

CARMI negatively regulates the p300e ACTeCREM~T axis

We have found that Carml-mediated methylation of
the GBD domain of p300 impedes the p300/ACT in-
teraction, and thus Carml acts as a repressor of the
p300eACTeCREMT axis. The enhanced expression of
CARMI in the elongating spermatids reduces the transcrip-
tional activity of CREMT, particularly of those genes in-
volved in metabolic pathways. By comparing the Carml
cKO RNA-seq data with the CBP/p300 cKO RNA-seq
data, we identified a number of genes that are likely com-
mon targets of CARM1 and CBP/p300. With Carm1-loss,
815 genes were significantly up-regulated in elongating sper-
matids (Carml potentially functions as a repressor), and
nested within this group were 38 genes that used CBP/p300
as a coactivator. These Group II genes (Figure 4D) are of
particular interest to us, because they may be the targets of
CREMT that are repressed by Carm1 in spermatids. Unfor-
tunately, Carm1 ChIP-seq experiments in round and elon-
gating spermatids were unsuccessful. Thus, we have been
unable to determine if there are unique Carml binding
profiles that could act as signatures for Group II genes.
An important issue to consider is that while the spermio-
genesis phenotypes of CARMI, p300, CREMt, and ACT
knockouts are very similar, CARMI1 is acting as a repres-
sor and the other three factors are acting as positive tran-
scriptional regulators. It is possible that these four factors
become important at a common point during spermiogen-
esis, and as a consequence of shared pathway deregulation
(positive or negative), similar defective differentiation phe-
notypes emerge.

CARMI and p300 were originally identified as the
hormone-dependent nuclear receptor co-activators that
function synergistically (77). Carm1 can directly methylate
p300 at a number of sites, and some of these methylation
events promote transcription (78) while others repress tran-
scription (10,22), thereby fine-tuning the activity of cer-
tain coactivator complexes. In CREMrT-driven luciferase re-
porter assays, Carml1 functions as a repressor (Figure 5).
We have mapped the interaction of ACT to the GBD do-
main (Figure 6C), which is the same region that binds GRIP.
Importantly, methylation of R2142 by Carm1 (within the
GBD domain) results in a block of the GRIP/p300 in-
teraction (10). Similarly, we observed that Carml activ-
ity prevents the interaction between ACT and the GBD of
p300 (Figure 7A—C). Thus, our mechanistic analysis indi-
cates that CARM1 serves as a ‘repressor’ to dampen tran-
scriptional activity of the p300eACTeCREMT axis in a
developmentally-regulated germline context (Figure 7D).
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