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ABSTRACT

MicroRNAs (miRNAs) are ~22nt small non-coding RNAs that play a pivotal role in
both development and adulthood physiology. Our lab has previously discovered
that the miR-506 family, which consists of 22 miRNAs existing in 5 clusters
expanding a ~62kb region near Slitrk2 and 1 cluster expanding a ~22kb region
close to Fmr1 on the X chromosome in mice. Derived from the same ancestors,
these miRNAs are preferentially expressed in the testis and have undergone rapid
evolution with variable seed sequences, whereas the two protein-coding genes
(Slitrk2 and Fmr1) flanking the 6 clusters remain highly conserved among all
mammalian species. The quick evolution and testis preferential expression of
these X-linked miRNAs strongly suggest that they are under selective pressure
and play an important role in fine-tuning certain molecular events to ensure the
production of high quality sperm. However, these hypotheses remain untested. My
dissertation projects aimed to unveil the physiological roles of the miR-506 family
miRNAs. Using the CRISPR-Cas-based genome editing technology, we deleted
individual or 5 clusters of the miR-506 family in the mouse genome to analyzed
potential phenotype. Interestingly, we found that ablation of one or two miRNAs,
or even one cluster of several miRNAs did not generate any discernable defects
in either spermatogenesis or male fertility. When we deleted four or five of the 6
miRNA clusters, we started to see some phenotype in these KO males,
characterized by slightly reduced litter sizes and longer litter intervals despite
normal testis weight and normal sperm counts. When the typical one male-one

female mating scheme was used, the KO males were only subfertile. However,



when a female was mated sequentially with either a wild type male first and a KO
second, or a KO first followed by a WT male, no or much fewer pups were derived
from the KO sperm, suggesting the KO sperm are less fit in fertilizing eggs. Indeed,
in vitro fertilization assays showed that the KO sperm were less competitive in
fertilizing wild type eggs. Our data suggest that sperm produced in the absence of
these X-linked miRNAs are less fertile/competitive than wild-type sperm,
suggesting that the miR-506 family miRNAs function to fine-tune certain molecular
processes that render sperm better fitness. Among the miR-506 family, 6 miRNAs
of the miR-465 cluster have similar seed sequences and are preferentially
expressed in the testis. Surprisingly, loss of miR-465 cluster did not cause male
fertility defects, but led to sex ratio bias among KO offspring, and the distorted sex
ratio was found to result from female-biased lethality as early as embryonic day (E)
8.5. It turns out that miR-465 cluster miRNAs are also highly expressed in extra-
embryonic tissues at E7.5. The female-biased lethality is likely due to dysregulation
numerous target genes known critical for the survival of the female embryos, e.g.,
Alkbh1, a tRNA demethylation enzyme. Taken together, the data presented in this
dissertation uncovered the physiological roles of the miR-506 family. Consistent
with our previous reports, miRNAs tend to act as a group, and loss of function of
one MiRNA can be easily compensated by other members of the same cluster or
the same family. Thus, inactivation of a single miRNA rarely leads to a discernable
phenotype in mice. To reveal the true physiological role of miRNAs within one
cluster or one family, simultaneous inactivation of most or all of the miRNAs is

required.
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CHAPTER I: Introduction

Spermatogenesis

Spermatogenesis refers to the differentiation of spermatogonia stem cells to
spermatids within the seminiferous epithelium in the testis (Leblond and Clermont,
1952). The process includes three major phases: mitotic (self-renewal and
differentiation of spermatogonial stem cells (SSCs)), meiotic (spermatocyte
differentiation and division), and haploid (also known as spermiogenesis,
differentiation of round spermatids into spermatozoa) phases (Oakberg, 1956Db).
Spermatogenesis takes ~35 days in mice (Oakberg, 1956b) and ~64 days in
humans (Heller and Clermont, 1963).

In the mitotic phase, SSCs can both self-renew and divide followed by
differentiation into type A spermatogonia. Once committed to differentiation, type
A spermatogonia further divide and differentiate into intermediate, and then type B
spermatogonia. Derived from type B spermatogonia, the primary spermatocytes
embark on a long meiosis prophase |, going through the states of leptotene,
zygotene, pachytene, diplotene, and diakinesis, followed by two consecutive cell
divisions (Ml and MII) to form haploid round spermatids. Round spermatids then
undergo spermiogenesis, which involves nuclear condensation and elongation,
acrosome formation, flagellar growth, etc., resulting in spermatozoa (Turner, 2007)
(Figure 1-1A).

In mice, the seminiferous epithelium in postnatal day 6 (P6) testes only contains
primitive type A spermatogonia and Sertoli cells. By P8, both type A and type B

spermatogonia are present. Meiotic prophase starts at P10, and primary



spermatocytes reach to early and late pachytene stages by P14 and P18,
respectively. The populations of secondary spermatocytes and haploid spermatids
enrich on days 18 and 20, respectively (Bellve et al., 1977).

In addition to germ cells, the testis also contains several types of somatic cells,
including Sertoli cells, peritubular myoid cells, macrophages, and Leydig cells
(Figure 1-1B). Sertoli cells are situated on the basal lamina and have large
cytoplasm extending from the basal membrane to the lumen of the seminiferous
tubules enveloping all developing germ cells within the seminiferous tubules.
Sertoli cells function as supporting cells to provide signaling molecules essential
for normal spermatogenesis. In between the seminiferous tubules are Leydig cells,
peritubular myoid cells, and macrophages. Leydig cells in the interstitial tissue

produce testosterone that plays an important role in modulating Sertoli cell

functions (Russell, 1990).

Lumen

Seminiferous
epithelium |

Tunica propria

Intertubular
compartment

Blood vessel Leydig cell

Figure 1-1. Murine spermatogenesis (A) and testicular cell types (B), modified from
(Lara et al., 2018). A. Spermatogenesis consists of three phases: SSC self-

renewal and differentiation in mitotic phase; meiotic phase and haploid or



spermiogenic phase. Spermatogonia: undifferentiated type A spermatogonia (As,
single; Apr, paired; Aa4-16, aligned); A1-4, differentiated type A spermatogonia; In,
intermediate spermatogonia; B, type B spermatogonia. Primary spermatocytes: P,
preleptotene spermatocytes; L, leptotene spermatocytes; Z, zygotene
spermatocytes; P, pachytene spermatocytes; D, diplotene spermatocytes. MI,
meiosis |. MIl, meiosis Il. 1l, Secondary spermatocyte. R, Round. E,
elongating/elongated spermatids. B. Cell types inside the testis. In addition to
germ cells (spermatogonia, spermatocytes, and spermatids), the testis also

contains somatic cells including Sertoli cells and Leydig cells.

SSCs self-renewal

Spermatogonia include undifferentiated type A spermatogonia (As, Apr, and Aa4-
16), differentiated type A spermatogonia (A1-4), intermediate and type B
spermatogonia. Among them, the undifferentiated type A spermatogonia have the
ability to self-renew or differentiate into other types of spermatogonia. Three
models of SSCs self-renewal have been proposed: As model (Huckins, 1971;
Oakberg, 1971), fragmentation model (Nakagawa et al., 2007), and hierarchical
model (Helsel et al., 2017) (Figure 1-2, for detailed reviews, see (de Rooij, 2017))
The As model was first proposed in 1971 by Huckins (Huckins, 1971) and Oakberg
(Oakberg, 1971). In this model (Figure 1-2A), the As spermatogonia are the SSCs,
and can divide into either two daughter SSCs that migrate away from each other

or A, spermatogonia that are bridged by incomplete cytokinesis. The Ay



spermatogonia further divide into aligned spermatogonia (Aa4, 8, and 16). The
Aa4-16 spermatogonia then differentiate into type B spermatogonia, which are
destined to enter meiotic prophase. The fragmentation model (Figure 1-2B)
suggests that all As, Apr, and Ay have the potential to self-renew, where A, and Ay
reverse to the self-renewal potential by fragmentation of pairs or chains
(Nakagawa et al., 2007). In the hierarchical model (Figure 1-2C), only some As
spermatogonia have the self-renewal ability, while the rest of them barely do

(Helsel et al., 2017), implying a hierarchy with in the As spermatogonia.

A

Differentiating

° J f \ spermatogonia

-
As Apr Aal

B
Fragmentatlon

E Differentiating

o == (f ’ \ ' spermatogonia
As Apr
C

|D4Bngh|

BMI1*

PAXT7*

Differentiating

© , o ’ f \ spermatogonia

— e
Decreasing self-renewal
capacity Apr Aal

Figure 1-2. Three SSCs self-renewal models, modified from (de Rooij, 2017). A.
As model. B. Fragmentation model. C. Hierarchical model. As, single; Ay, paired;

Ag, aligned.



Meiosis

After differentiation from type B spermatogonia, the primary spermatocytes enter
meiosis S phase (preleptotene), then undergo the long meiosis prophase |,
including leptotene, zygotene, pachytene, diplotene, and diakinesis, followed by
two rounds of rapid meiosis (Ml and Mll) to form haploid round spermatids. During
meiosis prophase |, double-stranded breaks (DSBs) form in leptotene, synapsis
begins and DNA recombination repair occurs in zygotene, followed by synapsis
ending and DNA resolution in pachytene (Figure 1-3) (Morgan et al., 2017; Turner,
2007). During meiosis, the X and Y chromosomes undergo meiotic sex

chromosomal inactivation, resulting in inactivated X and Y chromosomes (Turner,
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Spermiogenesis

Spermiogenesis refers to the development of round spermatids to spermatozoa.
Several key events occur during spermiogenesis: 1) Formation of the chromatoid
body that enriched with RNA binding proteins and RNA (Kotaja et al., 2006; Kotaja
and Sassone-Corsi, 2007); 2) Nuclear chromatin condensation, during which
histone is replaced with protamine (Carrell et al., 2007); 3) Formation of the
acrosome that derived from the Golgi apparatus (Abou-Haila and Tulsiani, 2000);
4) Flagellum formation (Inaba, 2011); 5) Development of ectoplasmic
specializations (Grove and Vogl, 1989) in between Sertoli cells and
elongating/elongated spermatids; 6) Formation of tubulobulbar complexes
between Sertoli cells and elongating/elongated spermatids, and elimination of
cytoplasm (residual body) of spermatids (Russell, 1979); 7) Release of spermatids
from the seminiferous epithelium to the lumen (spermiation) (O'Donnell et al.,

2011).

The cycle of the seminiferous epithelium

The development of germ cells inside the testis follows a spatiotemporal order.
Therefore, inside the seminiferous tubule of the testis, germ cells associate with
each other successively in a specific pattern in any given area, and the pattern
repeats itself. This phenomenon is termed as “cycle of the seminiferous epithelium”
or the “cycle” (Leblond and Clermont, 1952) (Figure 1-4). Periodic acid-Schiff

(PAS), which stains the acrosome derived from the Golgi apparatus, was used to



identify the stages of the cycle (Leblond and Clermont, 1952). Using this strategy,
6 stages of the cycle were identified in humans (Clermont, 1963), 14 in rats
(Leblond and Clermont, 1952), and 12 in monkeys (Clermont and Leblond, 1959)
and mice (Oakberg, 1956a; Russell, 1990). In stage | seminiferous tubules in mice,
the acrosomal system is undetectable. In stage Il, the acrosomal system starts to
show up. In stage lll, the acrosomal system remains round and locates on the
nuclear surface. In stage IV, the acrosomal system flattens on the nuclear surface,
the angle subtended by acrosomes from the center of the nucleus is around 40
degrees. In stage V, the angle subtended by acrosomes is greater than 40 degrees
and less than 90 degrees. In stage VI, the angle subtended by acrosomes is from
95 degrees to 120 degrees, and the elongated spermatids are still embraced by
Sertoli cells. In stage VII, the angle subtended by acrosomes is greater than 120
degrees, the nuclei of round spermatids are not in contact with the plasma
membrane, and the elongated spermatids move to the lumen of the seminiferous
epithelium. In stage VIII, the nuclei of round spermatids are in contact with the
plasma membrane. In stage IX, the spermatids nuclei change into ovoid shape,
the dorsal and ventral surfaces begin to show up. In stage X, the spermatids show
a ventral angle, but not a dorsal angle. In stage XI, the spermatids show a dorsal
angle. In stage Xll, the elongating spermatids co-exist with meiotically dividing

spermatocytes.
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Placental development

The placenta is the transient interface between mother and fetus during pregnancy,
which plays an essential role in exchanging gases, nutrients, and wastes, providing
growth factors and hormones, as well as protecting babies from the immune
response (Rossant and Cross, 2001). Fully developed placenta in humans and
mice contain three main layers: the maternal decidua, the spongiotrophoblast (the
junctional zone connecting fetoplacenta and maternal placenta), and the labyrinth
(mainly villi derived from the fetus) (Figure 1-5) (Rai and Cross, 2014; Rossant and

Cross, 2001; Watson and Cross, 2005).

Figure 1-5. The structure of a fully-developed murine placenta (Rai and Cross,
2014), which consists of the maternal decidua, the junctional zone (JZ), and the
labyrinth. SpA, spiral artery; TGC, trophoblast giant cells; C, maternal canal; Ch,
channel; P, parietal venous spaces; S, sinusoidal spaces.

In mice, the placenta starts to develop during the blastocyst stage at embryonic
day (E) 3.5. At the blastocyst stage, the blastocyst is composed of the inner cell
mass (ICM) and the trophectoderm (TE) (Figure 6). The ICM will differentiate into
epiblast (EPI) and primitive endoderm (PE), which will further form the embryo and

yolk sac, respectively. The TE away from ICM (mural TE) will stop dividing but still
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replicate their DNA to develop into trophoblast giant cells (TGC), whereas the TE

in contact with ICM (polar TE) will form the extra-embryonic ectoderm (ExE) and

the ectoplacental cone (EPC) at ~E6.5 (Hemberger et al., 2020; Rossant and

Cross, 2001). The ExE further develops into the chorion. At ~E8.5, the allantois

(All, extraembryonic mesoderm) derived from the posterior end of the embryo

touches with chorion (Ch), and this process is termed chorioallantoic attachment

(Watson and Cross, 2005). After the chorioallantoic attachment, the villi start to

form at E9Q.0~E10.5. At E10.5, the initial structure of the placenta is already formed,

whereas it is not fully functional until E14.5 (Watson and Cross, 2005).

E9.5
E10.5

E14.5

b Human

~E12
15

~E18

~E35
term

hT.

Figure 1-6. Key steps
during placental
development in mice (left)
and humans  (right)
(Hemberger et al., 2020).
Amn, amnion; PS,
primitive streak; STB,
syncytiotrophoblast; SpT,
spongiotrophoblast; GlyT,
glycogen trophoblast;

CTB, cytotrophoblast.
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MicroRNA (miRNA)

MiRNAs are ~22nt small non-coding RNAs that play a pivotal role in post-
transcriptional regulation. Similar to mRNA, the primary miRNA (pri-miRNA) is
transcribed by RNA polymerase Il (pol Il), and therefore contains 5’ cap and 3’ poly
(A) tail (Lee et al., 2004). After transcription, the pri-miRNA is processed in the
nucleus by a microprocessor containing the RNase Ill enzyme Drosha and the
DGCRS8 (DiGeorge critical region 8, a double-stranded RNA binding protein),
forming a ~70nt precursor miRNA (pre-miRNA) (Denli et al., 2004; Gregory et al.,
2004; Han et al., 2004; Lee et al., 2003). The pre-miRNA is then transported to the
cytoplasm by Exp5 (exportin 5) (Bohnsack et al., 2004; Lund et al., 2004; Yi et al.,
2003) and further processed by the RNase Ill enzyme Dicer to form ~22nt miRNA
duplex (Bernstein et al., 2001; Grishok et al., 2001; Hutvagner et al., 2001; Ketting
et al., 2001; Knight and Bass, 2001). Then the miRNA duplex is handed over to
Argonaute (AGO) proteins, one strand of the miRNA duplex is selected as the main
miRNA, and the complementary one is destined for degradation (Liu et al., 2004;
Meister et al., 2004) (Figure 1-7). The chosen miRNA is further loaded into miRISC
(miRNA induced silencing complex) to target mRNA. In all four AGO proteins
(AGO1~4) in the human genome, AGO2 is the only protein that has the catalytic

domain in cleaving mRNA (Liu et al., 2004; Meister et al., 2004).
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Figure 1-7. miRNA
biogenesis (Treiber et
al., 2019). DGCRS,
DiGeorge critical region
8; Exp5, exportin 5;
AGO, Argonaute; RISC,
RNA induced silencing

complex.

To test which RNA polymerase is responsible for miRNA transcription, a team led

by V. Narry Kim carried out several experiments (Lee et al.,

2004). First, they

showed that elF4E, which has a high affinity to 7-methyl guanosine mRNA cap,

binds to pri-miRNAs, indicating that the pri-miRNAs contain the &’ cap as the

MRNA does. Oligo d(T) enriched reverse transcription (RT)-PCR showed that the

pri-miRNAs contain poly (A). Treating cells with a-amanitin, an inhibitor of RNA pol

I, reduced the expression of pri-miRNAs. Insertion of the miRNA promoter region

to the 5’ end of a luciferase reporter enhanced the luciferase activity, whereas the

addition of a-amanitin reduced the activity. Chromatin immunoprecipitation (ChlP)

further confirmed that the RNA pol Il, especially the unphosphorylated RNA pol I,
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binds to pri-miRNAs, indicating the transcription initiation of pri-miRNA is mediated

by RNA pol II.

Primary miRNA processing

Despite the hairpin structure, several motifs on the pri-miRNA play important roles
in pri-miRNA processing (Figure 1-8). The microprocessor consists of a DGCRS8
dimer and a Drosha endonuclease. Two DGCRS8 form a dimer and interact with
the UGU motif at the >10nt apical loop, whereas the Drosha interact with the UG
motif at the end of the ~35nt stem (Auyeung et al., 2013; Fang and Bartel, 2015).
Furthermore, the GHG mismatched motif and the CNNC motif that bind by SRSF3
(serine/arginine-rich splicing factor 3) also promote pri-miRNA processing

(Auyeung et al., 2013; Fang and Bartel, 2015).

13 nt 22 nt )
Basal Apical
UGU motif

UG motif

Flanking Mismatched
CNNC motif ~ GHG motif

! 35+ 1bp ! !
Single (Tolerating scattered wobbles, Single
stranded mismatches, and small bulges) stranded

Figure 1-8. Canonical structure and motifs of pri-miRNA (Bartel, 2018).
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Pre-miRNA processing

The Dicer contains a PiWi-Argonaute-Zwille (PAZ)-like domain, a platform, two
RNase Il domains (RIIID), and a helicase domain. The human Dicer forms an L-
shaped structure, where the PAZ, platform, and two RIIID are along the axis, and
the helicase domain branches out. The pre-miRNA is embedded in the Dicer
protein, the 5" phosphate and the 3’ end are within the platform 5’ pocket and the
PAZ 3’ pocket, respectively. Two RIIID forms a dimer, and each RIIID cleaves one
strand of the pre-miRNA. The human Dicer also interacts with TRBP that contains
three double-stranded RNA binding domains (dsRBDs), in which two of them bind
to the pre-miRNA, and the last one anchors to the Dicer helicase domain (Treiber
et al.,, 2019). After cleavage by Dicer, the PAZ domain of Dicer hand over 3’
overhang of the miRNA duplex to the PAZ domain of AGO. Then the 5’ end of the
chosen mature miRNA bind to MID domain of AGO; the passenger miRNA is

degraded by AGO (Treiber et al., 2019).

miRNA targeting

With the guidance of miRNA, miRISC is able to target mRNA. In mammals, ~6bp
matches (usually 2~7 nt of the 5’ end of miRNA) between miRNA and target mRNA,
termed the miRNA seed region, is sufficient for inducing mRNA repression or
activation (Bartel, 2009), while the supplementary region (13~16) can increase

target affinity (Sheu-Gruttadauria et al., 2019) (Figure 9).



15

A Canonical sites
Seed match . : s
Site type Relative efficacy
NNNNNN Offset 6mer } Marginal
NNNNNN 6mer site types
NNNNNNA 7mer-A1
NNNNNNN 7mer-m8

NNNNNNNA 8mer
[T
NNNNNNN
8765432 4

Seed

-
Seed region

B Atypical canonical sites
Supplementary
pairing Seed
(> 34 pairs) match
——— e
NNNNNNN NNNNNNA . 3'-supplementary site
A ERRRRN [ 1111
NN N NNNNNN
1817 12 87654324
_
Seed
C Noncanonical sites
Compensatory Imperfect
pairing seed
(> 4-5 pairs) match
—— Y
NNNNNNN N"™"NNNNA . 3'-compensatory site
A RERRN [ 11
NN N NNNNNN
1817 12 8765432
R
Seed

Figure 1-9. miRNA target pattern(Bartel, 2018).
Methods for identifying miRNA targets

The seed region is regarded as the crucial role in miRNA target prediction.
Currently, several miRNA prediction tools have been developed based on this
feature.

Table 1. Commonly used miRNA target prediction tools.

Name Format Link Reference

TargetScan Online/downloa  http://www.targetsca  (Agarwal et al,

d n.org/vert 72/ 2015)
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microrna.org

miRWalk

RNAhybrid

miRDB

DIANA-

microT

PicTar

Online/downloa

d

Online/downloa

d

Online/downloa

d

Online/downloa

d

Online

Online

http://www.microrna.

org/

http://mirwalk.umm.u

ni-heidelberg.de/

https://bibiserv.cebite

c.uni-

bielefeld.de/rnahybrid

http://mirdb.org/

http://diana.imis.athe

na-

innovation.gr/DianaT

ools/index.php?r=mic

roT CDS/index

https://pictar.mdc-

berlin.de/cgi-

bin/PicTar vertebrate

-Ccgi

(Betel et al., 2008)

(Sticht et al., 2018)

(Rehmsmeier et al.,

2004)

(Chen and Wang,
2020)
(Paraskevopoulou et

al., 2013)

(Krek et al., 2005)
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Despite the advances in computational prediction tools, whether the potential
targets are bound by miRNAs still depends on the given physiological conditions.
Therefore, as a complementary strategy, experimental verification is needed, such
as cross-linking and immunoprecipitation (CLIP), miRNA overexpression/KO
followed by RNA-seqg/proteomics, and luciferase assay. CLIP (Chi et al., 2009) and
its derivates (e.g. individual-nucleotide CLIP (iCLIP) (Konig et al., 2010), enhanced
CLIP (eCLIP) (Van Nostrand et al., 2016), infrared-CLIP (irCLIP) (Zarnegar et al.,
2016), and crosslinking, ligation, and sequencing of hybrids (CLASH) (Helwak et
al., 2013)) could characterize the relationship between miRNA and mRNA in vivo.
However, CLIP is not widely used due to its complicated steps. Therefore, some
other alternative strategies were used to identify miRNA targets. One of these
strategies is to overexpress/KO specific miRNA, followed by RNA-seqg/proteomics.
However, this strategy is unable to distinguish indirect targets from direct targets,
and it may not reflect the in vivo situation. Another strategy is using luciferase as
a reporter to reflect the function of miRNA to the target. Similar to
overexpression/KO of specific miRNA followed by RNA-seq/proteomics, this
strategy still can’t mimic the in vivo situation, and can’t perform high-throughput
experiments, yet this system is easy to manipulate. Each system has its own
advantages and disadvantages, and therefore, these systems are usually used

together to identify the true targets.

1. Direct in vivo evidence (CLIP/CLASH)
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Direct contacts between amino acids and nucleotides within cells can be
persevered by UV crosslinking (Lee and Ule, 2018). After cell lysis, protein-RNA
complexes are fragmented using RNase, followed by antibody pull-down and
adaptor ligation. Following electrophoresis and transfer onto the membrane, the
protein-RNA complexes are extracted from the membrane. The RNA is released
from the protein-RNA complexes and followed by library construction. After next-

generation sequencing, the protein-bound RNA can be analyzed (Figure 1-10).
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Figure 1-10. Overview of CLIP (Lee and Ule, 2018).
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CLIP has been used to identify the in vivo targets; however, this technique is not
widely used largely due to its complicated procedures (RNA pull-down + Western
blot + library construction). First, the efficiency of UV crosslinking is very low,

usually < 5% for each RNP, and even less when applying to tissues (Castello et
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al., 2012). Second, during RNA fragmentation, the condition of RNase always
needs to be optimized due to sample differences. Third, the availability and affinity
of the antibodies are pivotal for RNP pull-down. What’s more, the efficiency of
ligation of adaptors to RNA is very low. Finally, the ability of the reverse
transcriptase to process the UV crosslinked region is not very efficient. Recently,
one group generated Halo tagged Ago2, termed Halo-enhanced Ago2 pull-down
(HEAP), in which HaloTag can be efficiently pulled down by HaloTag ligand-bound
beads (Li et al., 2020). This strategy could bypass the problems with antibodies,
and this mouse line will certainly facilitate the target identification among different
tissues under certain physiological conditions. However, the Halo tagged Ago2
appears to have a reduced activity, which may miss some targets during the pull-

down.

2. Indirect in vivo evidence (Overexpression/KO of miRNA followed by RNA-

seq/proteomics)

As a complementary strategy, several studies involved overexpression/KO of
miRNAs followed by RNA-seq/proteomics (Yuan et al., 2019). By combining the
dysregulated genes with the computational predicted targets, massively parallel
“‘potential” targets can be identified, although further validation is needed (e.g.
gPCR/Western blot). The repression/activation in the RNA level is rare, and the
majority of the targets are reflected in protein level (Bartel, 2004; Wang et al.,

2020b). With the advances of CRISPR Cas9/Cas12a genome editing systems
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(Wang et al., 2018; Wang et al., 2020a; Wang et al., 2020b) and proteomics, the

KO mice can be obtained, and the dysregulated proteins can be identified.

3. Direct in vitro evidence (Luciferase assay)

The readout of a specific gene can be difficult; therefore, the usage of a reporter
is quite useful in quantifying the direct relationship between miRNA and targets.
Since the majority of miRNA binding sites are in the 3'UTR of target genes, the 3’
UTR of target genes are usually inserted into the 3’ end of luciferase (e.g. Renilla
luciferase) (Yuan et al., 2019). When the inserted construct is co-transfected with
the corresponding miRNA, the luciferase activity can be used as the readout to

define the miRNA-target relationship.

Genome editing

Loss-of-function and gain-of-function are the major strategies to elucidate gene
functions in development, physiology, and disease. Gene targeting was the first
developed genome modification tool, which involves homology-directed repair
(HDR, also known as homologous recombination (HR)), a cell repair mechanism,
in mouse embryonic stem (ES) cells to generate knockout or knock-in mice
(Capecchi, 1989; Capecchi, 2005) (Figure 1-11). Gene targeting has played an
essential role in generating animal models to study gene functions (Capecchi,
1989; Capecchi, 2005), and Drs. Mario R. Capecchi, Martin J. Evans and Oliver
Smithies won the 2007 Nobel prize due to the invention of this technique. However,

the use of this technology is largely hindered due to its low efficiency in correctly
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inserting into the genome and the time-consuming screening procedures

(Capecchi, 1989; Capecchi, 2005; Gaj et al., 2013; Hsu et al., 2014; Shen et al.,

2014b).
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(https://www.nobelprize.org/prizes/medicine/2007/advanced-information/)

Pioneer work has shown that the efficiency of HDR could be highly improved when
double-stranded breaks (DSBs) were introduced in the yeast and mammalian
genomes (Rouet et al., 1994; Rudin et al., 1989). Since then, several

endonucleases have been harnessed to efficiently edit genes via introducing DSBs,
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which can be further repaired in cells either by HDR or nonhomologous end joining
(NHEJ) (Lin et al., 2014a; Weterings and Chen, 2008; Wyman and Kanaar, 2006).
HDR can precisely modify a genome locus when a homologous donor template is
provided, whereas NHEJ forms insertions or deletions (indels) at the breakpoint.
These endonucleases include homing endonucleases (HEs, also called
meganucleases) (Rouet et al., 1994; Smith et al., 2006), zinc finger (ZF)
nucleases(ZFN) (Durai et al., 2005; Gaj et al., 2013), transcription activator-like
effector (TALE) nucleases (TALEN) (Bogdanove and Voytas, 2011; Gaj et al.,
2013), and the most recent CRISPR-Cas (clustered regularly interspaced short
palindromic repeats (CRISPR)-associated proteins (Cas)) (Figure 1-12) (Cong et

al., 2013; Jinek et al., 2012; Mali et al., 2013Db).
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Figure 1-12. Gene editing strategies. Adapted from a review (Porteus, 2019).
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HEs, ZFNs, and TALENs have their own limitations compared to the CRISPR-Cas
system due to their intrinsic features. HEs, ZFNs and TALENSs all recognize target
DNA through protein-DNA interactions, and each DNA binding domain of HEs,
ZFNs, and TALENSs recognizes 20~30, 3 and 1 bp(s) of target DNA, respectively
(Durai et al., 2005; Hsu et al., 2014; Joung and Sander, 2013; Stoddard, 2011). By
contrast, CRISPR-Cas systems navigate their target DNA via the Watson-Crick
base pairing between the guide RNA (gRNA) and target DNA (Doudna and
Charpentier, 2014; Gasiunas et al., 2012; Hsu et al., 2014; Jinek et al., 2012).
Although HEs harbor their own DNA-binding and nuclease domains, and have the
strongest specificity (Hendel et al., 2015b), their corresponding residues to the
target DNA are still unclear (Hsu et al., 2014; Sander and Joung, 2014). ZFNs and
TALENSs are recombinant proteins consisting of a DNA recognition domain (ZF or
TALE) and a Fokl endonuclease domain. ZFNs used to be the most developed
system and the first approved genome editing tool in clinical trials (Hendel et al.,
2015b; Laufer and Singh, 2015) and have immunogenicity advantages
(Kungulovski and Jeltsch, 2015), but the limited resource of ZFs, context-
dependent manner of specificity of ZFNs in an array and difficulty in designing and
verifying proteins constrain the utilization of ZFNs (Bogdanove and Voytas, 2011;
Doudna and Charpentier, 2014; Hsu et al.,, 2014). TALENs harbor versatile
residues that recognize distinct base pairs (Bogdanove and Voytas, 2011; Joung
and Sander, 2013); however, their applications were hindered by overall

cumulative mismatches, the positional bias of repeat-variable di-residue
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nucleotides (RVDs) associations within an array of TALENSs, and difficulty in design
and verification (Bogdanove and Voytas, 2011; Doudna and Charpentier, 2014;
Juillerat et al., 2014; Sander and Joung, 2014). The simple design and verification,
the capacity of multiplex targeting, and diverse available CRISPR-Cas systems
have rendered the CRISPR-Cas system a feasible and efficient technology in
editing genomes accurately (Cong et al., 2013; Doudna and Charpentier, 2014;

Jinek et al., 2012).

The CRISPR-Cas systems are adaptive immunity systems that protect archaea
and bacteria from the invasion of viruses or plasmids (Makarova et al., 2011).
Based on the latest version of the classification, these systems have been
classified into 2 classes (class1 and class 2), 6 types (type |, II, lll, IV, V and VI),
and 33 subtypes (Makarova et al., 2020). Among them, CRISPR-Cas9 and
Cas12a (also known as Cpf1), a class 2 type Il and a type V endonuclease,
respectively, have emerged as the most commonly used genome editing tools
because their RNA-guided DNA recognition and cleavage only require a single
protein rather than a bulky complex of Cas proteins (Barrangou and Marraffini,
2014; Doudna and Charpentier, 2014; Jinek et al., 2012). So many genomic
modified animal models have been generated since the first editing in mammalian
cells (Cong et al., 2013; Mali et al., 2013b). These animals include fruit flies,
zebrafish, nematodes, silkworms, salamanders, frogs, mice, rats, rabbits, pigs (for

recent reviews, see (Doudna and Charpentier, 2014; Hsu et al., 2014; Ishii, 2015;
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Sander and Joung, 2014)), goats (Ni et al., 2014), monkeys (Chen et al., 2015; Niu
et al., 2014; Wan et al., 2015) and even human zygotes (Liang et al., 2015).
Following transcription of precursor CRISPR RNA (pre-crRNA) and trans-
activating crRNA (tracrRNA), tracrRNA hybridizes with pre-crRNA to direct
CRISPR RNA (crRNA) maturation in the presence of endogenous RNase |ll and
Cas9 (Deltcheva et al., 2011). The mature tracrRNA: crRNA dual-RNA remains
bounded to the Cas9 protein, forming the Cas9-tracrRNA-crRNA complex. With
the guidance of the dual-RNA (Jinek et al., 2012), the protospacer adjacent motif
(PAM) interacting domain of the Cas9 endonuclease recognize and associate with
PAM within the genome, then the Cas9 initiates DNA separation (Nishimasu et al.,
2014; Sternberg et al., 2014). After R-loop formation, crRNA couples to one strand
of the target DNA that is complementary to the crRNA, forming an RNA-DNA
duplex (Nishimasu et al., 2014; Sternberg et al., 2014). The Cas9 HNH nuclease
domain nicks the DNA strand of the duplex (target DNA strand), while the Cas9
RuvC domain cleaves the non-complementary DNA strand (non-target DNA
strand); therefore, a double-stranded break (DSB) forms (Jinek et al., 2012). The
DSB is further repaired in cells either by NHEJ or HDR. The dual-tracrRNA: crRNA
has been engineered as a single guide RNA (sgRNA) chimera to perform similar

functions (Jinek et al., 2012).
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Structure-based mechanisms of CRISPR-Cas9 in targeting DNA

Based on recent structural analysis of SpCas9, Jiang and Doudna proposed a
model to explain the mechanisms of Cas9 in target DNA recognition and cleavage
(Figure 1-13) (Jiang and Doudna, 2017). The Cas9 enzyme is converted from an
inactive state into a DNA recognition conformation upon binding to sgRNA. The PI
domain of Cas9 is prepositioned for PAM interrogation, and the seed sequence of
sgRNA is preordered for DNA targeting and invasion. Cas9 unwinds DNA when it
finds a potential target with a proper PAM. The phosphate lock loop in the CTD
domain stabilizes the target DNA strand and facilitates gRNA-DNA duplex
formation. The NUC lobe of Cas9 embeds the non-target DNA to stabilize the
unwinding structure. The first two PAM-proximal seed nucleotides are exposed to
the solvent to initiate the R-loop formation. The HNH domain undergoes
conformation change from the inactivation state to the activation state; meanwhile,
two linkers between the HNH and RuvC domains also involve conformation
change to direct the nontarget strand close to the RuvC catalytic center. Cas9
remains bound to the cleaved target DNA after cleavage until it is displaced by

other cellular factors (Jiang and Doudna, 2017).
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Figure 1-13. Structure-based mechanisms of CRISPR-Cas9 in target DNA

recognition and cleavage (Jiang and Doudna, 2017).

Applications of CRISPR-Cas9/Cas12a

1. Study of gene function

There are two major types of CRISPR-Cas9/Cas12a systems in evaluating gene

function: the commonly used gene knockout (KO)/knock-in (KI) (Cong et al., 2013;

Jinek et al., 2012; Wang et al., 2018; Wang et al., 2019b; Wang et al., 2020a;

Wang et al., 2020b) and the transcriptional repression/activation of genes (Cheng

et al., 2013; Gilbert et al., 2013; Konermann et al., 2015; Maeder et al., 2013b;

Mali et al., 2013a; Perez-Pinera et al., 2013). The former strategy involves the
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cutting activity of Cas9, whereas the latter one fused the catalytically inactive Cas9
(dCas9) to a repressor or an activator domain (termed as CRISPR
interference/inhibition (CRISPRi) or CRISPR activation (CRISPRa)).

Several studies have employed global knockout, including deletion of a part / the
entire gene or insertion of fragments to disturb interested genes, to study gene
functions in humans, mice, rat, sheep, zebrafish, silkworm and so on. However,
ablation of some genes may be lethal to animals. To tackle this issue, conditional
KO could be utilized in analyzing gene functions in specific tissues, for examples,
Cre-Loxp conditional knockout (Gu et al., 1994), tissue-specific mutagenesis
(including nerve (Shen et al., 2014b) and liver (Yin et al., 2015)), as well as
inducing systems. Conditional alleles (Loxp) have been generated by CRISPR-
Cas9 system in mice (Yang et al., 2013a), rats (Ma et al., 2014), nematode (Shen
et al., 2014b), zebrafish (Yin et al., 2015), fruit fly (Gratz et al., 2014; Xue et al.,
2014). What’s more, inducing systems have been achieved, including chemically
control of CRISPR-Cas9 (Dow et al., 2015; Gonzalez et al., 2014; Zetsche et al.,
2015b), heat-shock inducible expression (Shen et al., 2014b; Yin et al., 2015) and
optical control of CRISPR-Cas9 (Hemphill et al., 2015; Nihongaki et al., 2015).
Alternatively, dCas9 can be directed to promoters with the guide of gRNAs to
inhibit or active gene of interest without changing the DNA sequence. Two main
strategies were used: 1. Fusing dCas9 with transcriptional repressor domain KRAB
or activation domain VP64 (or other variant tandem copies of VP16 motifs) (Cheng
et al., 2013; Gilbert et al., 2013; Hu et al., 2014; Maeder et al., 2013b; Mali et al.,

2013a; Perez-Pinera et al., 2013); 2. Recruiting the activator to dCas9 binding site
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by gRNA (Konermann et al., 2015). The latter strategy, e.g. synergistic activation
mediator (SAM), is based on that the REC1, the BH, and the Pl domains of Cas9
interact directly with repeat: anti-repeat duplex, stem-loop 1 and linker region of
sgRNA, while not with stem-loop 2 and stem-loop 3 (Nishimasu et al., 2014)
(Figure 1-14). Mutation experiments showed that mutation in the linker, stem-loop
2 and 3 are more tolerant than repeat: anti-repeat duplex and stem-loop 1, which
indicate that the repeat: anti-repeat duplex and stem-loop 1 are indispensable for
Cas9 function, while the linker, stem-loop 2 and 3 are more likely to stabilize
sgRNA as well as Cas9-gRNA-DNA complex (Nishimasu et al., 2014). In the SAM
system, a minimal hairpin aptamer MS2, which could specifically recruit MS2
bacteriophage coat proteins (MSP) that tethered with VP64, or p65 and HSF1, is
added to tetraloop or stem-loop 2 of gRNA. After the expression of the gRNA,
dCas9 (D10A and H840A double mutation), and MSP-SAM, more active
transcription can be observed with no effect on Cas9 binding (Konermann et al.,

2015).
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Corrections of gene mutations have been made in many cell types and species. In

cell models, correction of deletion of phenylalanine in the CFTR gene that led to

cystic fibrosis was performed in cultured primary intestinal stem cells from cystic

fibrosis patients (Schwank et al., 2013). Combining CRISPR-Cas9 with the

piggyBac transposon technology, iPSCs generated from fibroblasts of a B-
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thalassemia patient with a -28A/G point mutation in the promoter and a 4-bp (TCTT)
deletion in the exon 2 of human hemoglobin beta (HBB) gene were seamlessly
corrected (Xie et al., 2014). Correction of Duchenne muscular dystrophy (DMD)
patient-derived iPSCs had been harnessed by exon skipping, frameshifting, and
conditional exon knock-in (Li et al., 2015). These corrected iPSCs retain
pluripotency, differentiation potential, and normal karyotypes with restored
expressions of HBB or Dmd (Li et al., 2015; Xie et al., 2014). Myoblasts from DMD
patients with a deletion of exons 48-50 were also corrected by deleting exon 51 or
exons 45-55 (Ousterout et al., 2015). When transplanted corrected myoblasts into
mice, cryosections of injected tissue shows a restored expression of Dmd protein
(Ousterout et al., 2015).

In addition, corrections of mutant animals such as mice and rats have been
achieved. Mutant mice, with a dominant 1 bp deletion in the Crygc gene and a
nonsense mutation in the Dmd gene that are responsible for cataract disorder and
DMD, respectively, were corrected by zygotic injection of Cas9 and sgRNA with or
without donor template (Long et al., 2014; Wu et al., 2013). This approach plays
an indispensable role in correcting the genetic defects in the offspring, although
the patients remain to be the carriers. Spermatogonia stem cells (SSCs) lines
established from homozygous cataract males carrying a mutation in Crygc could
be easily corrected by CRISPR/Cas9-induced NHEJ or HDR (Wu et al., 2015).
SSC could be isolated and expanded in vitro for a long run with unchanged fertility,
allowing to make the correction in vitro by using CRISPR-Cas9. When transplanted

the engineered SSCs back to the testes after verification and cloning, these cell
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lines could undergo spermatogenesis and generate round spermatids after
transplantation into infertile mouse testes. Fertilization of the round spermatid
generated from preselected corrected SSCs could give birth to offspring with the
corrected phenotype (Wu et al., 2015). However, no good strategies are available
for females due to the lack of methods to identify oogonial stem cells and culture

in vitro.

3. Epigenome editing using CRISPR-Cas9

The epigenome is defined as all chemical modifications in DNA and histone
proteins (Kungulovski and Jeltsch, 2015). Therefore, the fusion of DNA binding
domain (ZFs, TALEs, and dCas9) to the various chromatin-modifying enzyme is
termed the epigenome editing (Kungulovski and Jeltsch, 2015; Laufer and Singh,
2015). DNA methylation is mainly induced by DNA methyltransferases (Dnmt1,
Dnmt3a, and Dnmt3b) (Reik et al., 2001), and demethylation by Ten-Eleven
Translocation family (TET1, TET2, and TET3) and Thymidine DNA glycosylase
(TDG) (Kohli and Zhang, 2013). Histone chemical modifications including histone
acetylation, deacetylation, methylation, and demethylation are mediated by
histone acetyltransferases, deacetylases, lysine methyltransferases, and
demethylases, respectively (Kungulovski and Jeltsch, 2015).

In mammalian cells, through tethering ZF or TALE with the catalytic domain of
DNMT3a, site-specific methylations are induced in mitochondria DNA (Minczuk et
al., 2006) and nuclear DNA (Bernstein et al., 2015; Kungulovski et al., 2015; Nunna

et al., 2014; Rivenbark et al., 2012; Siddique et al., 2013; Stolzenburg et al., 2015);
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When ZF or TALE was fused with combined DNMT3a-DNMT3L, in which DNMT3L
serves as an activator for DNMT3a (Chedin et al., 2002; Hata et al., 2002; Jia et
al., 2007), a higher methylation level was harnessed (Bernstein et al., 2015;
Siddique et al., 2013). Targeted DNA demethylation has also been achieved by
fusing ZF or TALE to TET family or TDG (Chen et al., 2014; Gregory et al., 2013;
Maeder et al., 2013a). The DNA demethylations of promoters of Nos2, ICAM-1,
EpCAM, KLF4, RHOXF2, and HBB have been harnessed, and accompanied by
upregulated expression (Chen et al., 2014; Gregory et al., 2013; Maeder et al.,
2013a).

As for histone modification, repression of promoters in VEGF-A, E-cadherin,
HER2/neu, Fosb, stem cell leukemia (SCL) locus, Oct4, Tbx3, ZFP42, KLF5,
SALL3, KLF2, FOXP4, IL1RN, and MYOD have been fulfilled by H3K9 methylation
(Cho et al., 2015; Falahi et al., 2013; Heller et al., 2014; Kungulovski et al., 2015;
Snowden et al., 2002) and H3K4 demethylation (Kearns et al., 2015; Mendenhall
et al., 2013). On the other hand, activating promoters and enhancers of IL1RN,
MYOD, and OCT4 can be obtained by H3K27 acetylation (Hilton et al., 2015).
CRISPR mediated histone modifications and DNA methylation were also
developed (Hilton et al., 2015; Kearns et al., 2015; Liu et al., 2016; McDonald et
al., 2016; Vojta et al., 2016). However, whether this epigenome editing status,
either in DNA or histone, could be maintained is still controversial (Kungulovski et
al., 2015; Rivenbark et al., 2012; Stolzenburg et al., 2015), which may result from

variant delivery systems and mechanism between different vectors as well as
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diverse chromosome context between target genes (Kungulovski and Jeltsch,

2015).

4. Lineage tracing

Cell lineage refers to the path of development of one-cell zygote to multicellular
organisms. The traditional method for identifying cell lineage usually involves
tagging known cell markers, and determine the tag throughout the development
(Kester and van Oudenaarden, 2018). However, the known cell markers are limited,
and hence, this method hinders tracing lineage precisely. Since the CRISPR
genome editing preferentially generates indels once cut the genome, leaving scars
that can be used for lineage tracing. Several studies have applied Cas9 genome
editing for lineage tracing in zebrafish (McKenna et al., 2016; Spanjaard et al.,
2018) and mice (Kalhor et al., 2018). In these studies, Cas9 and gRNAs were
microinjected one-cell zygotes, the scars were then analyzed using single-cell

RNA-seq at the latter stages.

5. Genomic loci imaging

Mutations in D10 and H840 render Cas9 a dead Cas9, which has no cleaving
activity, while still maintain the ability to bind DNA. When co-transfecting gRNA
and dCas9 tethered with eGFP into cells, genomic loci can be imaged (Chen et al.,
2013). A dCas9-eGFP knock-in mice strain was further developed to enable in vivo
genomic loci imaging (Duan et al., 2018). A much higher signal/noise ratio can be

obtained when transfecting cells with dCas9 and gRNAs labeled with fluorophores,
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such as Cy3 or Atto565 (Wang et al., 2019a).

6. Nucleic acids detection

Both Cas12a and Cas13 have collateral activity in vitro, which releases the
universal ssDNA and RNA cleavage activity, respectively, after cutting the targets
(Chen et al., 2018; Gootenberg et al., 2017). Based on this feature, Specific High-
Sensitivity Enzymatic Reporter UnLOCKing (SHERLOCK) and DNA
Endonuclease Targeted CRISPR Trans Reporter (DETECTR) were developed for
detecting nucleic acids. These methods greatly facilitate pathogens nucleic acids
detection, such as Zika, Dengue virus and current pandemic SARS-CoV-2
(Ackerman et al., 2020; Broughton et al., 2020; Chen et al., 2018; Gootenberg et

al., 2017).

Major obstacles in utilizing CRISPR-Cas9/Cas12a technology

There are several main barriers in utilizing the CRISPR-Cas9/Cas12a engineering
tool: 1) mosaicism; 2) off-target effects; 3) Large on target deletion/insertion; 4)
Low efficiency in HDR-mediated insertion; 5) PAM sequence restriction; 6)

Immune response; 7) Delivery.

1. The mosaicism

One major obstacle in utilizing CRISPR-Cas9 is the genetic mosaicism (Long et

al., 2014; Oliver et al., 2015; Yang et al., 2013a) that may result from the delayed
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translation of Cas9 and/or insufficient nucleases in cutting both copies of target
DNA (Guo and Li, 2015; Hsu et al., 2014; Lanphier et al., 2015), variant DNA repair
activities in zygotes and divided embryos (Guo and Li, 2015; Hsu et al., 2014).
Mammal zygotes need several days to specify into germline may also account for
mosaicism (Chapman et al., 2015). However, direct injection of Cas9 protein and
sgRNA also results in mosaic mutants (Sung et al., 2014), suggesting that the
delayed translation may not be the major force for the mosaicism. Therefore, with
current technologies, mating the founders with wild type animals is needed to

generate pure mutant progeny.

2. The off-target effects

Although the CRISPR-Cas9 system has been used feasibly and efficiently in
genome engineering, mismatches (termed “off-target”) between sgRNA and target
DNA can be tolerated (Fu et al., 2013; Hsu et al., 2013; Lin et al., 2014b). This
phenomenon also can be found in the latest developed Cas12a/Cpf1 (CRISPR
from Prevotella and Francisella 1) system (Wang et al., 2020a; Zetsche et al.,
2015a). Hsu et al. demonstrated that the CRISPR-Cas9 system has off-target
effects, and proposed to reduce this effect by limiting the SpCas9-sgRNA
concentration, however, on-target cleavage using this approach also reduced (Hsu
et al., 2013). Several strategies have been developed to reduce off-target effects
by improving the specificity and efficiency of Cas9, optimizing sgRNA, and

identifying potential off-target sites.
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2.1 Optimizing Cas9/Cas12a proteins

Three major strategies were used to optimize Cas9/Cas12a proteins: fusion of
Cas9 protein with other proteins or domains, Cas9/Cas12a orthologues, and Cas9
variants. The first strategy includes dCas9-Fokl nuclease (Guilinger et al., 2014;
Tsai et al.,, 2014), Cas9-pDBD chimera (Bolukbasi et al., 2015), base editing
(Gaudelli et al., 2017; Komor et al., 2016) and prime editing (Anzalone et al., 2019).
Orthologues include SaCas9 (Staphylococcus aureus Cas9) (Ran et al., 2015) and
Cas12a/Cpf1 (Zetsche et al., 2015a). Cas9 variants include Cas9 nickase (Mali et
al., 2013b; Ran et al., 2013; Shen et al., 2014a), “enhanced specificity” SpCas9
(eSpCas9) (Slaymaker et al., 2015), SpCas9-HF1 (Kleinstiver et al., 2016a),
HypaCas9(Chen et al., 2017), HiFiCas9 (Vakulskas et al., 2018), evoCas9 (Casini
et al., 2018), and Sniper-Cas9 (Lee et al., 2018).

In the Cas9 fusion proteins, targeted double-stranded breaks can be introduced by
paired guide RNAs together with dCas9-Fokl nuclease (Guilinger et al., 2014; Tsai
et al., 2014). These approaches significantly minimized off-target mutagenesis
(Guilinger et al., 2014; Mali et al., 2013b; Ran et al., 2013; Shen et al., 2014a; Tsai
et al., 2014), however, one concern is that one additional gRNA might induce
further off-target mutations (Fu et al., 2014; Sander and Joung, 2014). Precision
and targeting range can be drastically enhanced by fusing a programmable DNA-
binding domain (pDBD) to Cas9 and reducing the inherent DNA-binding affinity of
Cas9 (Bolukbasi et al., 2015). The base editing fused Cas9 nickase (D10A) to

deaminase (either cytidine or deoxyadenosine) (Gaudelli et al., 2017; Komor et al.,
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2016), whereas the prime editing fused Cas9 nickase (H840A) to MMLYV reverse
transcriptase (Anzalone et al., 2019).

In the Cas9 orthologues, a smaller Cas9 orthologue, SaCas9, has been developed
to efficiently and specifically edit the Pcsk9 gene in mouse liver (Ran et al., 2015).
Cas12a itself displays reduced off-target effects compared to SpCas9 due to its
irreversible binding to the target region and strong discrimination against the off-
target sequences (Kim et al., 2017; Kleinstiver et al., 2016b; Strohkend| et al., 2018;
Zetsche et al., 2015a).

In the Cas9 variants, paired guide RNAs together with Cas9 nickase (Mali et al.,
2013b; Ran et al., 2013; Shen et al., 2014a) have lower off-target effects. eSpCas9,
SpCas9-HF1 (Kleinstiver et al., 2016a), HypaCas9, and HiFiCas9 are structure-
based rational design, while evoCas9 and Sniper-Cas9 are designed through
direct evolution.

eSpCas9 could significantly reduce the off-target effect without minimizing the
on-target efficiency through neutralizing positive charges in the non-target strand
groove (nt-groove), which localized in Cas9 HNH, RuvC, and PAM-interacting
domains (Slaymaker et al., 2015). Similarly, Cas9-HF1 reduced the direct contact
between Cas9 and target DNA (Kleinstiver et al., 2016a). Further evidence showed
that both eSpCas9 and Cas9-HF1 have difficulties in changing to active
endonuclease in the mismatches (Chen et al., 2017). Based on that REC3 domain
recognizes target and modulates the HNH nuclease domain conformation changes,

the HypaCas9 was developed (Chen et al., 2017). The Zhang group systematically
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analyzed the Cas9 variants, and found that there are tread offs between specificity

and efficiency (Schmid-Burgk et al., 2020) (Figure 1-15).
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2.2 Optimizing gRNA

A vast majority of investigators focus on mitigating the off-target effect by
optimizing gRNAs design. These approaches involve gRNAs design using online
tools with new algorithm (Doench et al., 2014; Hsu et al., 2013; Xu et al., 2015)
and modified gRNAs (Fu et al., 2014; Hendel et al., 2015a; Sander and Joung,
2014).

As for the newest algorithm for gRNAs design, Genome Engineering 3.0 (Hsu et
al., 2013), ZiFiT Targeter (Zinc Finger Targeter) (Fu et al., 2014), E-CRISP
(Heigwer et al., 2014), CHOPCHOP (Montague et al., 2014), sgRNA Designer
(Doench et al., 2014), SSC (Spacer Scoring for CRISPR) (Xu et al., 2015) and

CRISPR-ERA(CRISPR-mediated editing, repression, and activation) (Liu et al.,
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2015) are available for genome engineering. The websites and properties of these
in silico design tools are list as Table 2.

Apart from designing gRNAs with online tools or software, several groups have
utilized modified gRNAs with reduced off-target efficiency, including truncated
gRNAs (tru-gRNAs) (Fu et al., 2014), chemically modified gRNAs (Hendel et al.,
2015a), and hairpin gRNA (Kocak et al., 2019). Tru-gRNAs, shortened gRNAs with
17 or 18 bps, have been demonstrated could reduce the off-target cleavage of both
individual Cas9 nucleases and paired Cas9 nickases (Fu et al., 2014). A
combination of Fokl-dCas9 and tru-gRNAs has also achieved high genome editing
specificity (Wyvekens et al., 2015). Chemically modified gRNAs could significantly
improve genome editing efficiency with enhanced on-target: off-target ratios in
human cell lines by co-delivering the modified sgRNAs with Cas9 mRNA or protein
(Hendel et al., 2015a). Although high efficiency in inducing targeted indels also
observed in human primary T cells and CD34+ hematopoietic stem and progenitor
cells (HSPCs), the specificity of chemically modified gRNAs in these cells remains
unclear (Hendel et al., 2015a). Hairpin gRNAs require higher energy for opening
up the secondary structure of gRNA so that the mismatches can be much more

reduced (Kocak et al., 2019).



Table 2. Websites and properties of several in silico design tools.
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Name Website Properties Reference
Genome http://www.genome- A scoring algorithm that (Hsu et al,,
Engineering 3.0 engineering.org/ concerning the effect of 2013)
mismatch location,
density and identity on
SpCas9 cleavage
ZiFiT Targeter http://zifit.partners.or  ldentify shorter gRNA (Fu et al,
a/ sites with 17 or 18 base 2014)
pairs of target
complementarity  that
could minimize off-
target effects
E-CRISP http://www.e- Design insertion of tags (Heigwer et
crisp.org/ into N terminal or C al., 2014)
terminal of genes
interested or gene
knockout, and
annotations of targets
CHOPCHOP https://chopchop.rc.fa Allows PAM variations, (Montague et

s.harvard.edu

generates  automatic

primer restriction site

al., 2014)
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sgRNA

Designer

SSC

http://www.broadinstit

ute.org/rnai/public/an

alysis-tools/sgrna-

design

http://sourceforge.net

/projects/spacerscori

ngcrispr/

version)

(software

or

http://crispr.dfci.harva

rd.edu/SSC

version)

(online

for genotyping and
provides annotations of
the gene

Be designed based

upon features of al., 2014)

experimentally verified
high active sgRNA
sequence (eg.
nucleotide preferences)
to enhance on-target
efficacy

Integrally analyzed the
contribution of
sequence context to
sgRNA efficiency
based on 6 published
datasets and
developed Spacer
Scoring for CRISPR
that could design
gRNAs either for Cas9-

mediated knockout or

(Doench

(Xu et

2015)

et

al.,
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for dCas9 fusion-
mediated inhibition
(CRISPRI) or activation
(CRISPRa)

CRISPR-ERA http://CRISPR- Determine  efficiency (Liu et al.,

ERA.stanford.edu and  specificity of 2015)

sgRNAs using rules
summarized from
published data for gene
editing and regulation

(ie. CRISPRIi/a)

2.3. Off-target prediction

In addition, a series of approaches have been developed to identify potential off-
target sites, such as in silico prediction tools, dCas9-ChIP, and experimentally
identification technologies (Ran et al., 2015). In silico prediction tools includes

RGEN Tools (RNA-guided engineered nucleases, http://www.rgenome.net/) (Bae

et al, 2014), CasOT (CRISPR/Cas system (Cas9/gRNA) Off-Targeter,

http://eendb.zfgenetics.org/casot/) (Xiao et al., 2014), COSMID (CRISPR Off-
target Sites with Mismatches, Insertions, and Deletions,

http://crispr.ome.gatech.edu) (Cradick et al., 2014), which significantly facilitate the

improvement of specificity. Although online tools and dCas9-ChlP could predict

off-target sites precisely, the nuclease activity of Cas9 cannot be analyzed. Thus,
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experimentally identification technologies can be used, these technologies include
BLESS (direct in situ breaks labeling, enrichment on streptavidin and next-
generation sequencing) (Ran et al., 2015), HTGTS (high-throughput, genome-
wide, translocation sequencing) (Frock et al., 2015), Digenome-seq (Kim et al.,
2015), GUIDE-seq (genome-wide, unbiased identification of DSBs enabled by
sequencing) (Tsai et al., 2015), IDLVs (integrase-defective lentiviral vectors)
(Wang et al., 2015) and FISH-based method to detect CRISPR-Cas9 off-targets
(Paulis et al., 2015). With the use of these technologies that could predict and
verify the off-target effect, further refinements of sgRNAs design and reduction of

off-target effects will be achieved.

3. Large on target deletion/insertion

Cas9 has been shown to cause on-target large deletions/insertions (Adikusuma et
al., 2018; Kosicki et al., 2018; Lee and Kim, 2018). The incidences of large
deletions induced by Cas9 with one single gRNA were 35.7%, 36.5%, and 45% in
mouse ES cells, progenitor cells, and zygotes, respectively, whereas the incidence
of large insertions was 26.3% in mouse ES cells (Adikusuma et al., 2018; Kosicki
et al., 2018). By contrast, Cas12a-based genome editing predominantly generates
indels, which may because that the MMEJ repair mechanism is preferentially
adopted in fixing the staggered DNA ends that Cas12a generated (Wang et al.,

2020a).

4. Low efficiency in HDR-mediated insertion
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DSBs can be precisely repaired by HDR when a donor template is provided,
however, the efficiency of this mechanism is extremely low (Chu et al., 2015;
Maruyama et al., 2015). This phenomenon may be due to that HDR occurs only
during S and G2 phase, while NHEJ can happen throughout the whole cell cycle
(Lin et al., 2014a; Maruyama et al., 2015). Indeed, arresting cell cycle at G2/M
through the addition of nocodazole enhanced HDR in HEK293T cells, human
primary neonatal fibroblast, and human embryonic stem cells (Lin et al., 2014a).

Several studies have focused on enhancing the efficiency of HDR, including using
Cas9 variants, additional molecules, and optimizing design parameters for gRNAs

and donor template.

4.1. Cas9/Cas12a variants

Using a double nicking strategy, a higher HDR efficiency can be achieved in
human embryonic stem cells (hRESCs) and mouse zygotes (Ran et al., 2013).
Deliver Cas9/Cas12a tethered with streptavidin, gRNA, and biotinylated donor
DNA into cells highly improved the HDR efficiency in multiple cell lines and mouse
zygotes (Carlson-Stevermer et al., 2017; Gu et al., 2018; Savic et al., 2018; Wang
et al., 2020a). When Cas9 protein modified with an azide-containing noncanonical
amino acid (ncAA) that can bind to the donor DNA containing dibenzylcyclooctyne
(DBCO) was delivered to human cell lines and mouse zygotes, high HDR efficiency
can be obtained (Ling et al., 2020). Fusing Cas9 nickase to deaminase (either
cytidine deaminase or deoxyadenosine deaminase, termed base editing) (Gaudelli

et al., 2017; Komor et al., 2016) or MMLV reverse transcriptase (prime editing)
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(Anzalone et al., 2019) could also induce high efficiency of precise Kl by bypassing

HDR.

4.2. Small molecules treatment

High efficiency of precise genome editing by HDR has been achieved by treating
cells with small molecules. HDR can be improved in mammalian cells or mouse
zygotes when suppressing NHEJ by the administration of the ligase IV inhibitor
SCRY7, by knocking down KU70, KU80 or DNA ligase IV, or by co-expressing
adenovirus 4 (Ad4) E1B55K or E4orf6 proteins (Chu et al., 2015; Maruyama et al.,
2015). RS-1 is an HDR stimulator by activating RAD51 binding (Jayathilaka et al.,
2008) in rabbit embryos (Song et al., 2016). i53 represses 53BP1 to favor HDR
over NHEJ in U20S and 293T cells (Canny et al., 2018). Administration of XL413
or PHA-767491, which can inhibit CDC7 that repress HDR, could increase the
HDR efficiency for both single-stranded donor and double-stranded donor in
HEK293T, U-251, Hela, iPSCs (induced pluripotent stem cells), K562 cell line and
primary human T cells (Wienert et al., 2020). Addition of L755507, an activator of
B3-adrenergic receptor, or Brefeldin A, which inhibits protein transport from
Endoplasmic Reticulum to Golgi apparatus, also enhanced the HDR efficiency (Yu
et al., 2015). On the contrary, an anti-HIV drug AZT, could inhibit HDR efficiency

and facilitate NHEJ efficiency (Yu et al., 2015).

4.3. Optimizing donor template

In addition, optimizing design parameters could also improve HDR efficiency.
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In the double nicking system, HDR level could be enhanced by design sgRNA pairs
that could producing 5’overhangs and having at least one nick within 22 bp of the
homology arm (Ran et al., 2013).

In the wild-type Cas9 system, single-stranded oligonucleotide DNA (ssODNA) with
60-70 base pair of homology arm flanking the Cas9 cleavage site have achieved
optimal HDR, either for substitutions or insertion of a short fragment, in human-
induced pluripotent cells (hiPSCs), HEK293T or mouse zygotes (Gurumurthy et al.,
2019; Lin et al., 2014a; Quadros et al., 2017; Yang et al., 2013b). Using
asymmetric single-stranded donors have even better HDR efficiencies
(Richardson et al., 2016). However, longer single-stranded donors are hard to
obtain. The maximum length for commercially available megamer ssDNA (from
IDT) is 2kb. Currently, three ways are efficient to generate large single-stranded
donors: 1. In vitro transcription of DNA template followed by reverse transcription
and RNase H digestion (Li et al., 2019); 2. asymmetric PCR (Veneziano et al.,
2018); 3. PCR with a 5’ phosphorylated primer and a regular primer (with a 5’
hydroxyl group) followed by removal of the 5’ phosphorylated strand by Lambda
Exonuclease (Little, 1981). However, errors could be introduced during RT and
PCR.

The length of homology arms for PCR-generated double-stranded donors are
controversial, which may due to the different type of ends generated by the
endonucleases (i.e. Cas9 induced blunt end and Cas12a induced stagger end).
One study showed that homology arms of >1 kb have a higher HDR efficiency in

HEK293 cells (Chu et al., 2015), however, one recent study using Cas12a showed



48

that ~30 bp homology arm is enough, and the 55bp ~ 90 bp is optimal (Fueller et
al., 2020). However, linearized PCR products have the potentials of random
insertions as well as concatemers of PCR products. Chemical modifications, such
as 5’ C6-PEG10 (Yu et al., 2020), Biotin and SpC3 (Gutierrez-Triana et al., 2018)
of double-stranded donors also increase HDR efficiency and decrease

concatemers of PCR products.

5. PAM sequence restriction

PAM sequence adjacent to target DNA is required to distinguish the target
sequences from the gRNA itself in bacteria. For examples, the most commonly
used SpCas9 requires NGG PAM sequence, whereas the other widely used
AsCas12a and LbCas12a utilize TTTV PAM sequences for efficient genome
editing (Cong et al., 2013; Jinek et al., 2012; Wang et al., 2013; Zetsche et al.,
2015a). However, the PAM sequences restrict the application of CRISPR genome
editing. Several studies have explored minimum PAM sequence Cas orthologues,
both from nature and lab-based. Using phage-assisted continuous evolution
(PACE), David R. Liu lab developed an expanded PAM SpCas9 variant (xCas9),
which can recognize NG PAM sequence (Hu et al., 2018), and further NRRH,
NRTH and NRCH PAM sequence (Miller et al., 2020). Based on structure analysis,
Osamu Nureki group developed Cas9-NG, which can also recognize NG PAM
sequence (Nishimasu et al., 2018), Benjamin P. Kleinstiver group generated SpG
and SpRY (where R stands for A/G, and Y for C/T) (Walton et al., 2020). Besides,

based on the Cas12a structure, enAsCas12a with broader PAM targeting ranges
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was developed (Kleinstiver et al.,, 2019). Cas12a with less stringent PAM
requirements from nature were developed, such as Mb3Cas12a (Wang et al.,
2020a), HkCas12a (Teng et al., 2019), and so on. Until now, the PAM sequences
seem not to be a limitation anymore, although some of the enzymes have lower

efficiency compared to the wild-type version.

6. Immune response

Despite the promising CRISPR genome editing in clinical trials, several
independent groups showed that in human bodies, antibodies against two wildly
used SpCas9 and SaCas9 proteins exist (Charlesworth et al., 2019; Simhadri et
al., 2018; Wagner et al., 2019), which raised concerns for utilizing these two
endonucleases in clinical trials. To date, the pre-existing antibodies against

Cas12a and Cas13 in human bodies have yet to be reported.

7. Delivery

Several methods have been developed for delivering CRISPR systems, including
microinjection, viral vectors (e.g. AAV), nanoparticles, and electroporation of RNP
complexes (Doudna, 2020) (Table 3). Each system has its own advantages and
limitations. Microinjection has high efficiency, but it can’t be applied to clinical
application. AAV has a high transduction efficiency, yet the gene size is limited to
~4.7kb. Nanoparticles are flexible in size, but they are probably toxic to cells.
Electroporation can be used to deliver CRISPR components to zygotes, yet similar

to microinjection, the in vivo application is hindered.
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Table 3. Methods for CRISPR delivery (Doudna, 2020).

Property Nanoparticles Viruses RNPs

Featuresand  Cationic lipid polymers can be used AAVs are the most commonly used clinical delivery Purified protein and guide RNA can be

applications  to encapsulate molecular cargo, vehicle for gene therapy. electroporated into stem cells extracted from
facilitating cellular entry. patients to treat blood disorders such as sickle cell

disease.

Size 50-500 nm 20nm 12nm

Payload mRNA, DNA, RNP (from most to least DNA Preformed enzyme complexes
commonly used)

Advantages -Inexpensive and relatively easy to  -Broad tissue targeting possibilities -No genomic integration

produce
-No genomic integration
-Low immunogenicity

-Clinically established method
-Efficient

-No long-term expression and fewer off-target
effects

Disadvantages -Limited capacity for tissue

-Limited cargo size

-Will not enter cells without engineering or additional

targeting -Undesired integration risk reagents
-Sustained expression can lead to off-target effects -Potential immunogenicity in vivo
-Immunogenicity -Unprotected RNPs are at risk of degradation
-High cost and manufacturing challenges
Targets Liver Liver, eyes, brain, lungs and muscle Oocytes, stem cells and T cells

The three main delivery strategies that could be used for clinical genome-editing applications are nanoparticles, viruses and purified RNPs. The approaches vary in important ways, which
generally limit their suitability for editing to specific cell or tissue types.
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Abstract

The X-linked miR-506 family consists of 22 miRNAs clustered in 5 sub-regions
expanding a ~62kb region near Slitrk2 and 1 cluster expanding a ~22kb region
close to Fmr1 on the X chromosome in mice. Although the X-linked miR-506 family
miRNAs were all derived from the same ancestors, they have undergone rapid
evolution and are preferentially expressed in the testis among all eutherian
mammals. To define the physiological roles of these rapidly evolving, testis-
specific, X-linked miRNAs, we sequentially deleted 5 of the 6 miRNA clusters using
CRISPR-Cas-based genome editing in the mouse genome. While the deletion of
individual miRNAs or one or two clusters did not generate discernable phenotypes,
we started to see abnormalities in the KO males lacking more than 4 clusters. Mice
lacking the 18 miRNAs showed slightly reduced litter size and longer litter interval
despite normal testis weight and normal sperm counts. When the typical one male-
one female mating scheme was used, the KO males were only subfertile. However,
when a female was mated sequentially with either a wild type male first and a KO
second, or a KO first followed by a WT male, no or much fewer pups were derived
from the KO sperm, suggesting the KO sperm are less fit in fertilizing eggs. Indeed,
in vitro fertilization assays showed that the KO sperm were less competitive in
fertilizing wild type eggs. Our data suggests that sperm produced in the absence
of these X-linked miRNAs are less fertile/competitive than wild-type sperm, and
that the miR-506 family miRNAs function to fine-tune certain molecular processes

that render sperm better fitness.
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Instruction

Spermatogenesis is the differentiation of spermatogonia to spermatozoa in the
male reproductive system, which involves three major phases: mitosis (including
spermatogonia stem cell renewal and differentiation), meiosis and spermiogenesis
(1). After dividing from type B spermatogonia, the primary spermatocytes enter into
meiosis S phase (preleptotene), then undergo long meiosis prophase I, including
leptotene, zygotene, pachytene, diplotene, and diakinesis, followed by two rounds
of rapid meiosis (MI and MII) to form haploid round spermatids (2). During meiosis
prophase |, double-stranded breaks (DSBs) form in leptotene, synapsis begins and
DNA recombination repair occurs in zygotene, followed by synapsis ending and
DNA resolution in pachytene (2). Round spermatids then undergo spermiogenesis,
which involves degradation of histone and replacement with protamine that are
composed of arginine- and cysteine-rich proteins compacting DNA, resulting in
spermatozoa (2). Each phase involves tightly spatiotemporal gene expression

control to ensure proper spermatogenesis.

As one type of the small non-coding RNAs, ~22nt microRNAs (miRNAs) regulate
genes at the post-transcriptional level. After being transcribed by RNA polymerase
I, primary miRNA (pri-miRNA) is cleaved by microprocessor containing DROSHA-
DGCRS8 (DiGeorge syndrome critical region 8) to form ~70 nt hairpin precursor
MiRNA (pre-miRNA) in the nucleus(3). Then the pre-miRNA is transported into the
cytoplasm and further processed by DICER to form ~22 nt miRNA duplex. MiRNA

duplex is unwound by Argonaute (Ago) proteins, one strand of miRNA is loaded
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into miRNA induced silencing complex (miRISC) to target mRNA (4-6). In most
cases, miRNA downregulates translation by repressing translation or degrading

MRNA, sometimes miRNA could also upregulate translation (6-9).

Conditional knock-out (KO) of enzymes for miRNA biogenesis, Drosha or Dicer,
impaired spermatogenesis (10), indicating the essential role of miRNAs in
spermatogenesis. MiRNAs usually function together by either family that has
similar seeds or cluster that transcribed from a single transcript. Indeed, single KO
of either miR-34b or miR-449 cluster had no discernable phenotype (11), whereas
the ablation of miR-34b and miR-449 clusters led to perinatal lethality, impaired
spermatogenesis and motile cilia dysfunction (12-14). Previous studies have
indicated that the X linked miR-506 family is highly expressed in testis and germ
cells(15, 16), and these miRNAs evolve fast across species(17-20). However,
despite their high expression in testis and rapid evolution, their roles in
spermatogenesis remain largely unknown. Several studies attempted to dissect
these miRNAs’ functions, yet these functional analyses were largely done either in
vitro (20-22) or with insufficient KO of these miRNAs (23). Here we explored the
evolution of the miR-506 family, the expression pattern of these miRNAs,
furthermore, we generated several different KOs of these miRNAs to dissect their

functions in spermatogenesis.
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Results

The majority of X-linked miR-506 family are located within the Slitrk2-Fmr1

locus across species

X linked genes are usually more divergent than autosomal genes, which is termed
as the “faster-X effect” (24). These genes include protein-coding genes (25, 26) as
well as miRNAs (17, 18, 20). Interestingly, on the X chromosome, despite the fact
that both Slitrk2 and Fmr1 genes are relatively conserved across species, the
miRNAs between these two loci, which have been cataloged into the miR-506
family based on their common ancestors (similar sequences of genomic DNA and
precursor miRNAs) (27, 28), are highly divergent among clades across all the
eutherian mammals. The miR-506 family miRNAs have also been called spermiR

(22), Fx-mir (21) or XmiRs(23).

To identify the miRNA orthologs within the Slitrk2-Fmr1 loci, a previous study used
Blast and Exonerate to search the miRNA databases (22). However, this method
may lose a lot of miRNAs due to the sequence divergence of the miR-506 family.
Therefore, we first compared the genomic DNA sequences within the Slitrk2-Fmr1
loci across 100 different species using the Multiz Alignment & Conservation
pipeline, which are based on PhastCons and PhyloP, on the UCSC genome
browser with the human genome as a reference (Figure 2-1A, S1, and S2A) (29,
30). PhastCons takes the flanking sequences into consideration and doesn't rely
on fixed sliding windows; consequently, highly conserved short sequences and

moderately conserved long sequences can have higher scores (31). By contrast,
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PhyloP compares the conservation of individual nucleotides among all clades of
phylogeny, and gives positive scores once the region is conserved and vice versa.
Consistent with the previous reports (21, 22), the SLITRK2 and FMR1 loci are
highly conserved, while the miRNAs within the SLITRK2-FMR1 region are highly
divergent, among all the species when using the human genome as the reference.
Similar results were obtained when the mouse genome was used as a reference
(Figure 2-S2A). Moreover, we found that the miRNAs (miR-892c - miR-891a)
located proximal to SLITRK2 (named as SLITRK2-associated miRNAs, SmiR) are
much more divergent than the ones (miR-513c - miR-514a3) closer to FMR1 (FmiR
for FMR1- associated miRNAs) according to the PhyloP scores (Figure 2-1A).
Interestingly, in contrast to what previously described that these miRNAs only exist
in eutherian/placental mammals and one marsupial (Monodelphis domestica)(22),
we found that the orthologues of FmIR, including miR-514b, miR-509, and miR-
510, exist in green sea turtles, suggesting that these miRNAs may have emerged
very early in animal kingdoms (Figure 2-S1). To take a deeper look at the
Slitrk2~Fmr1 genomic DNA region, we applied Dot-plot analysis using D-GENIES
(32), which utilizes a fixed sliding window alignment and allowed us to examine
sequence similarity between species. Similar to the PhyloP scores, the Dot-plot
confirmed that the Slitrk2 and Fmr1 genomic DNA sequences are conserved
across all species, yet the rest of the sequences are highly divergent among clades
(Figure 2-S2B). Interestingly, the sequences within some clades are quite similar,
for example, the primates (e.g. humans, chimpanzees and rhesus monkeys) and

the cetartiodactyla (e.g. sheep, cows), although inversions happened within sheep
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and cow (Figure 2-S2B). Some similar regions were also shared within the rodentia
(e.g. mice and rats) and the carnivora (e.g. dog and cat) (Figure 2-S2B). The
majority of the Slitrk2-Fmr1 in mammals are on the positive strand, whereas
miRNAs are in the reverse orientation (Figure 2-1B and S2B), which is consistent
with what previously described (21, 22). However, we also observed some
exceptions in rats, cows and sheep (Figure 2-1B), which were not included in the
previous study (22). In rat, the miR-201- Fmr1 loci (including miR-201, miR-547,
miR-509 and Fmr1) were inverted compared to the other genomes (Figure 2-1B).
The Slitrk2 and miR-509~547 were inverted in cows and sheep, respectively

(Figure 2-1B).

In order to see the relationship among these miRNAs, we built a phylogram for the
miR-506 family (Figure 2-S3). According to the phylogram, these miRNAs shared
a common ancestor and the FmiR cluster emerged earlier than the SmiR, which is
consistent with the aforementioned that some FmiRs exist in green sea turtles
based on the analysis from Multiz Alignment & Conservation. Interestingly, the
FmiR miRNA clusters tended to cluster together, the same scenario happened to
the SmiR clusters, suggesting that these two clusters may have evolved separately.
Although the miRNAs within the miR-506 family are highly divergent, some
similarities exist for some orthologues among different species. For example, the
SmiRs within primates are quite similar. Although it seems the miR-897a and miR-
891b were swapped in rhesus monkey compared to human and chimpanzee

genomes (Figure 2-S4A), it turns out that this is due to the nomenclature since
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sequence alignment showed that the miR-891a and miR-891b in rhesus monkey
were more similar to miR-891b and miR-891a, in humans and chimpanzees,
respectively (Figure 2-S4B). Similarly, when comparing humans and rhesus
monkeys, the chimpanzee seems to have lost miR-892c and miR-888, but the miR-
892b in the chimpanzee is more similar to miR-892c regarding the location as well
as the sequences in humans and rhesus monkeys (Figure 2-S4A, S4B). The FmiR
cluster, including miR-201 (assigned as P1 (paralogue 1) in MirGeneDB(27)), miR-
547 (P2), and miR-509 (P7) in mice and rats, are orthologues of miR-506, miR-
507 and miR-509 in humans, respectively (Figure 2-1C). Although the orthologs of
miR-891a, miR-891b, miR-513 and miR-510 in humans were not observed in mice,
we noticed that miR-513 and SmiR (including miR-891a and miR-891b) share a
common ancestor (Fig.S3), suggesting that the FmiRs and SmiRs may be
divergent from this common ancestor. Interestingly, miR-513 has 4 copies in the

human genome, which is derived from MER91C DNA transposon (Figure 2-S4A).

LINE retrotransposons seem to drive the expansion of X linked miR-506

family derived from MER91C DNA transposon

Several studies have shown that transposable elements (TEs) drive evolution (33),
and a lot of miRNAs were derived from TEs (34). We asked what TEs might be
involved in driving the evolution of the X linked miR-506 family. Interestingly, some
X-linked miR-506 family miRNAs are derived from TEs. Besides mentioned above
that miR-513s are derived from MER91C DNA transposon, miR-891a and miR-

891b are partially derived from MIRc SINE (short interspersed element) family in
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the human genome. In the X linked miR-506 locus, long interspersed elements
(LINEs) are pervasive in mice and rats, whereas SINEs are more abundant than
LINEs in dogs, horses, rhesus monkeys, chimpanzees and humans (Figure 2-S4A).
LINE-1 (L1) is the most abundant and the only active autonomous TE in the human
genome (35). Although SINEs can’t mobilize by themselves, they can hijack the
L1 mechanism (35). Results from both the phylogram tree and Multiz Alignment &
Conservation analyses suggested that the FmiRs (e.g., miRs-506-509) emerged
much earlier than the SmiRs. To test whether the X-linked miR-506 family might
be derived from MER91C DNA transposon and further expanded by LINE-
mediated retrotransposition, we analyzed the region containing the miR-506 family
miRNAs in the human genome. Indeed, we observed that most of the FmiRs are
flanked by L1 retrotransposons (Figure 2-S4A). For example, miR-506, miR-507
and miR-508 are flanked by L1MAG6, whereas miR-510 is accompanied by LTR22
and L1M4b. miR-509 has 3 copies, which are all flanked by X6A_LINE. Three
copies of miR-514a and one copy of miR-514b are flanked with L2a and L1MA9,
respectively. By contrast, there are fewer transposons in SmiR locus in the human
genome. The composition of transposons in the SmiR loci are almost identical
among humans, rhesus monkeys and chimpanzees. The miRNAs location and
order are all the same between humans and rhesus monkeys. AluY and AluYa5,
the youngest active Alu family(36), present within miR-891b and miR-892b, and
miR-892a and miR-888 in the human genome, respectively. The AluY is also found
within miR-891b and miR-892a in chimpanzees. However, there are no

transposons in between miR-891b ~ miR-892c cluster in the rhesus monkey,



95

suggesting that AluY and AluYa5 may not be responsible for the transposition of
this cluster. What's more, the THE1C LTR retrotransposon is always next to the
miR-892c¢ in humans and rhesus monkeys, and the miR-892b in chimpanzees,
suggesting this retrotransposon may be responsible for the evolution of the miR-

891b ~ miR-892c¢ cluster in primates.

On the contrary to humans, the mice and rats SmiR have more TEs than the FmiR
(Figure 2-S4A). The majority of the TEs in mice and rat are from Lx family, which
is the oldest LINE1(37). In mice, the 6 copies of the miR-465 cluster are largely
flanked with Lx7 and Lx5c LINE1 retrotransposons, the miR-883a cluster is flanked
with Lx7 and L1_Mur2, next to the miR-741 cluster is Lx9. In FmiR, miR-201 and
miR-547 are flanked with L1_Mus2, miR-509 is flanked with Lx3_Mus. Similarly, in
rat, the miR-465 is flanked by Lx7 and Lx8, the miR-883a cluster was flanked by
Lx7 and L1_Mur2, and next to the miR-741 cluster is Lx9 and Lx5c. In FmiR, miR-

509 is flanked with Lx2, miR-3585 is flanked with L1_Rat1 and Lx8.

In horses, the SmiRs are very compact, which are flanked with L1MA10 and
L1MEc (Figure 2-S4A). The miR-9142 and miR-9143 are also derived from MIRc,
similar to human miR-891a and miR-891b. The FmiRs, except miR-509, are all
derived from DNA transposon MER91C, which is similar to human miR-513. The
miR-509a and miR-509b are both flanked by ERE3B2 (SINE family) and L1M4b

(Figure 2-S4A).

In dogs, the SmiR are flanked with SINEC_b1 and SINEC_b2, all FmiRs, including

miR-506, miR-507, miR-508 and miR-514, are all derived from MER91C DNA
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transposon (Figure 2-S4A).

Taken together, these results suggest that the X linked miR-506 miRNAs are

largely derived from MER91C DNA transposon, and expanded by LINE family.

The X linked miR-506 family is highly abundant in testis and sperm

The X linked miR-506 family is highly expressed in testes in humans (21), rhesus
monkeys (17), marmosets (38), mice (15, 21, 22, 28), rats (22), rabbits (22) and
pigs (22). To define the expression pattern of the miR-506 family during
spermatogenesis, we performed STA-PUT cell sorting (1) on mice and rats,
followed by small RNA sequencing (sRNA-seq). Consistent with what previously
described, these miRNAs are highly abundant in high purity of germ cells (Figure
2-S5A) in either CD1 (Figure 2-2A) or C57BL/6J (Figure 2-2B) mice strain (15, 22,
28), suggesting that these mMiRNAs escape the meiotic sex chromosome
inactivation (MSCI) in mice. Unlike mice, these miRNAs were not highly expressed
in rat pachytene spermatocyte and round spermatids (Figure 2-2D), suggesting
these miRNAs underwent MSCI in rats. We also analyzed the horse testis small
RNA both in immature and mature horses from the previous data (39). We found
that the miR-506 family miRNAs are highly expressed in horse testis, and the
abundances of these miRNAs are increasing during sexual maturation (Figure 2-

2F).

Interestingly, despite their high expression in the germ cells in the testis, these

miRNAs also have high abundances in mature sperm in both mice and rats (Figure



97

2-2A, 2B and 2D), suggesting that these miRNAs may have roles during early
embryonic development. We observed some inconsistences with the previous
study showing that these miRNAs are in low abundance in mature sperm(22). This
is not surprising because the sperm RNAs seem to be highly compacted in sperm
DNA and chromatins that are enriched with disulfide bonds, so that the RNAs
cannot be easily released in the lysis buffer without reducing reagents and
detergent (40), such as the TRIzol reagent that the authors used. Consistent with
this expression pattern in mice, humans with lower expression of the X linked miR-
506 family miRNAs in the semen showed asthenozoospermia with reduced

motility(41).

Despite the high abundance of these miRNAs among placental mammals, it seems
that these miRNAs express in a linage specific pattern. In mice, the SmiR cluster
tends to be highly expressed, whereas the expressions of FmiR cluster are very
low. In rats, the two clusters all have high abundances. Analysis of human testis
small RNA-seq data (42) showed the FmiR cluster tends to have high abundance,
while SmiR cluster is barely expressed (Figure 2-2D). Similar phenomena
happened in the other primate, such as marmoset (Figure 2-2E) (38) and rhesus
monkey(17). In horses, both SmiR and FmiR are highly expressed in adult testis
(Figure 2-2F). A recent study showed that highly expressed protein-coding genes
in testis tend to have lower mutation rates and evolution rate due to the so-called
transcription-coupled repair (TCR) (43). We observed the same phenomenon for

the Fmr1 and Slitrk2, in which the conserved Fmr1 was highly expressed in
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spermatogonia cells in either humans or mice testis, as previously described (28),
and the conserved Slitrk2 was enriched in mouse elongating spermatids (43).
However, in contrast to the protein-coding genes, the X linked miRNAs have high

expression in testes despite their fast evolution.

Ablation of X linked miR-506 compromise sperm fithess

To define the function of the miR-506 family, we sequentially knocked out (KO) this
family using CRISPR-Cas9 (Figure 2-3A) (28). We first KO the miR-883 cluster
(miR-883 sKO) or the miR-465 cluster (miR-465 sKO) (Figure 2-3A), since these
two clusters have the most abundance in the mouse testis (15, 28), unfortunately,
we didn’t observe any discernable phenotype regarding the testis size, morphology,
sperm concentration and sperm motility (Figure 2-3B, 3C, 3D and 3G). On the miR-
883 sKO background, we KO miR-741 cluster, termed double KO (dKO) (Figure
2-3A), still didn’t find any phenotype in fertility and testis morphology as well as
sperm motility and concentration (Figure 2-S5B-SSE). Then on the dKO
background, we either KO the miR-465 (termed triple KO (tKO)) or the miR-471 &
miR-470 clusters (termed quadruple KO (gKO)) (Figure 2-3A), and lastly, we KO
the miR-465 cluster on the gKO background, named pentuple KO (pKO) (Figure
2-3A). We found that in tKO, the litter size is still comparable with the wild type,
while in the gKO and pKO, the litter size is highly reduced, although no differences
were found in the litter interval (Figure 2-3B and 3C). The testes sizes and
morphology of these KOs are comparable to WT testis (Figure 2-3D and 3G). Then

we measured the sperm quality by computer-assisted sperm analysis (CASA),
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although the sperm concentrations were not significantly reduced among all the of
KOs, sperm motility was highly compromised in the gKO and pKO (Figure 2-3E
and 3F). In the natural world, the females of most species throughout the animal
kingdoms undergo multiple matings with males before breeding, thus leading to
sperm competition after mating(44). We set several experiments to test the sperm
fitness between WT and pKO. Since these miRNAs are X linked, the sperm that
carries Y chromosome from the pKO mice cannot be distinguished from the ones
from WT. Therefore, we adapted a transgenic mTmG mice (45) for sperm
competition experiments, which allows us to visualize the embryos as well as
identify genotype. We first compared their ability in fertilizing eggs by performing
in vitro fertilization (IVF) with several different sperm ratios. When 100% mTmG or
100% pKO sperm were used to fertilize WT eggs, the pKO has comparable
blastocyst rate to the mTmG (~80%), the blastocyst rates were lower when
different sperm ratio was used, especially in the 1:1 and 1:4 ratio, although no
significant differences were observed (Figure 2-3H). Interestingly, when 1:1 sperm
ratio (mTmG: pKO) was used for sperm competition, the number of blastocysts of
mTmG is always ~ three-fold more than the pKO (Figure 2-3l). The blastocysts
numbers of mTmG went up to ~ seven-fold compared to pKO when the 4:1 sperm
ratio was used (Figure 2-3I). When the 1:4 sperm ratio was used, the mTmG can
still reach up to a 1:1.9 blastocysts rate (Figure 2-3l). These results indicating that
the pKO is less competitive than WT during IVF. Then we set a serial mating
experiments to see the in vivo situation. Mice ovulation happens 10-13h after HCG

administration. WT female mice were treated with HCG at 8 PM, then the first male
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mice were introduced with the female and replaced with the second male mice at
6 AM the next morning. Interestingly, no pKO pups were found (n=8) when the
mTmG male mice mated first with the WT female (mTmG V.S. pKO), by contrast,
~11% of mTmG pups were found (n=28) when the pKO male mice mated first (pKO
V.S. mTmG) (Figure 2-3J and 3K). In summary, these results indicate that the

sperm fitness was highly compromised in the pKO mice.

X linked miR-506 family miRNAs target genes throughout spermatogenesis

and compensate with each other

To identify the target genes of X linked miR-506 family, we performed RNA-seq on
the four KO mice testes (miR-465 sKO, tKO, gKO and pKO) as well as the WT. To
identify the direct targets of X linked miR-506 family miRNAs, we overlapped the
dysregulated genes with the predicted targets (dysregulated targets) across four
different databases (i.e. TargetScan(46), microrna.org(47), miRWalk(48) and
mirDB(49)) (Figure 2-S6A). TargetScan and miRWalk give the most overlapping
genes, followed by microrna.org, whereas the mirDB gives the least dysregulated
targets (Figure 2-S6A). To avoid bias among different algorisms, we choose the
union of these four databases for the following analysis. These four KOs share a
lot of dysregulated target genes, but also own their own dysregulated targets
(Figure 2-4A). The miR-465 sKO and gKO are mutually exclusive within the X
linked miR-506 family and have large datasets of dysregulated target genes, which
allow us to perform pathway analysis. Interestingly, Ingenuity Pathway Analysis

(IPA, QIAGEN) of the dysregulated target genes for miR-465 KO and gKO showed
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that these two KOs have distinct functions yet share some overlapping pathways
(Figure 2-4B and 4C), for example, the ATM signaling, elF4 and p70S6K signaling.
Consistent with that the miR-506 family is highly expressed in germ cells, these
pathways are involved in spermatogonia stem cells (SSCs) self-renewal (e.g.
MAPK (50, 51), PISK-AKT pathway(51-53), and oxidative phosphorylation (54)),
meiosis (ATM signaling (55), CHK proteins in cell cycle checkpoint control (55) and
elF4 and p70S6K Signaling (56)), as well as spermiogenesis (e.g. histamine,
methionine, phenylalanine and aspartate degradation and cysteine biosynthesis(2))
(Figure 2-4B, and 4C). Interestingly, their functions seem to be complementary to
each other, for example, although all belong to protein degradation, which plays
an important role in degrading meiotic proteins, histones and nonessential
organelles during spermatogenesis (57), the miR-465 sKO shows upregulation of
histamine degradation, whereas the gqKO shows upregulation of methionine,
phenylalanine and aspartate degradation (Figure 2-4B, 4C). Dysregulated targets
in gKO also showed upregulated biogenesis of cysteine (Figure 2-4C), which is a
key amino acid components of protamine (2). Further analysis of disease and
function all showed that these pathways are highly responsible for DNA repair,
reproductive development and early embryonic development (Figure 2-4D and 4E).
Since the phenotype appears to be more severe when more X linked miR-506
family miRNAs are KO, we reasoned that these miRNAs compensate with each
other. To test this hypothesis, we performed small RNA-seq on the four KO testes.
The sRNA sequencing confirmed that these miRNAs were no longer expressed in

the corresponding KOs (Figure 2-4F). Interestingly, in miR-465 sKO testes, miR-
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201, miR-463, miR-471, miR-741, miR-871, miR-883a, and miR-883b are
upregulated. Similarly, miR-201, miR-470, miR-471, miR-871 and miR-883b are
upregulated in the tKO testes, miR-201, miR-465a, miR-465b, miR-465c, and miR-
547 are upregulated in the gKO testes, and the miR-201, miR-547 are upregulated
in the pKO testes (Figure 2-4F). These results indicate that genetic compensation

happens within the X linked miR-506 family.

X linked miR-506 family gains targets during evolution

When we use the union of the dysregulated targets in mice as a reference to
overlapping with predicted targets of highly expressed X linked miR-506 family
members in humans and rats, the vast majority of the dysregulated targets in mice
are shared with humans and rats (Figure 2-5A). These results suggest the

coevolution of the X linked miR-506 family with their targets.

There are several possibilities for the phenomenon that the targets are shared
among species whereas the miR-506 family is quickly evolved: 1. The 3'UTR
sequences of the targets of the miR-506 family are highly divergent so that the
miR-506 family needs to adapt their sequences to maintain the ability to target the
shared targets. 2. The 3'UTR sequences of the targets remain conserved,
whereas the miR-506 family evolved fast to gain more targets. To test the
possibilities, we first compared the conservation of the 3'UTR sequences of the
targets (Figure 2-5B and 5C). We applied the phyloP scheme to measure the
evolutionary conservation level at individual nucleotide sites in the 3'UTRs.

Interestingly, the overall phyloP scores showed that the targets sites of X linked
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miR-506 family are more conserved than the other regions, although some
exceptions exist (Figure 2-5D and 5E), suggesting that regions targeted by X-
linked miR-506 are under relatively stronger purifying selection, instead of adaptive
selection. This result leads us to the second hypothesis that the miR-506 family
evolved fast to gain more targets. We first compared all the potential targets,
predicted by the aforementioned four databases, within the miR-506 family among
humans, mice, and rats. The overlapping numbers of targets of the pooled X-linked
miR-506 family among different species didn’t show significant enrichment in
humans (Figure 2-S6B). Then we compared the number of target genes per
miRNAs. When comparing the number of target genes of all the miRNAs between
humans and mice, we found that human miRNAs have more target genes than the
counterpart of mouses (p<0.05, t-test) (Figure 2-5F), which suggests the higher
biological complexity in humans. This phenomenon is even more obvious for the
X-linked miR-506 family (p<0.05, t-test) (Figure 2-5F). In humans, the X-linked
miR-506 family has more target genes compared with the human baseline (all the
human miRNAs) (p<0.05, t-test) (Figure 2-5F). By contrast, in mice, we didn'’t
observe a significant difference in target gene number between X-linked miRNAs
and mice baseline (all the mouse miRNAs) (Figure 2-5F). These results indicate
that the X-linked miR-506 family gained more target genes during the evolution
from mice to humans. We also investigated the target site numbers within
individual target genes in both humans and mice, but no significant differences

were found between humans and mice for the targets of the X-linked miR-506
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family (Figure 2-5G), suggesting that the X-linked miR-506 family didn’t gain target

sites in individual genes.

Taken together, these results suggest the human X-linked miRNAs have
undergone stronger selective pressure and gained additional regulatory functions
compared with mice, and these miRNAs gained more target genes instead of

gaining more target sites within individual target genes.

Discussion
Coevolution of 3’'UTR and miRNAs

We observed the dysregulated targets of the miR-506 family were shared within
humans, mice and rats despite their divergent sequences. Consistent with our
conclusion, several studies have shown similar results for the miR-506 family (21,
22). Interestingly, among all the shared targets, several key factors that play
essential roles during meiosis prophase |. For example, Brca1, Fmr1, Atm, Sycp2,
Ago4, Meioc, and Ythdc2. Mutation in BRCA1 impaired DNA repair and homologs
chromosomes crossover during spermatogenesis(58). FMRP, which was identified
as a target of X linked miR-506 family previously (28), was shown to function in
DNA damage response by binding to chromatin during replication in
spermatogenesis (59). ATM was shown to be responsible for activating
recombination-dependent arrest with the accumulation of unrepaired DSBs(55).
SYCP2 and SYCP3 heterodimers are fundamental components in forming

axial/lateral elements, which form the synaptonemal complex together with
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transverse filaments(60). Ablation of Ago4 led to early meiosis in spermatogonia,
aberrant sex body (silenced XY chromosome subdomain), and downregulated X
linked miR-506 family, including miR-743a, miR-743b, miR-741, and miR-871.
Interestingly, Ago3 and Ago4 were both downregulated in the miR-465 sKO and
gKO, suggesting a positive feedback loop between these miRNAs and Ago
proteins. MEIOC interacts with YTHDCZ2, and loss of Meioc or YthdcZ2 impaired
meiosis (61-63). Although the exact underlining mechanism remains controversial,
one study proposed that MEIOC stabilizes meiotic mRNAs at the beginning of
meiotic prophase |, then YTHDCZ2 promotes translation and degradation of these

mMRNAs at the end of the meiotic prophase 1(63).

Since we performed RNA-seq, some potential target genes that were changed at
the protein level but not at the RNA level may be missed out (28). A previous study
showed that 3’UTR of some genes avoid miRNA regulation by shorting their 3’UTR
length(64), suggesting that the 3' UTR of mRNA and miRNA are co-evolved. There
may have some explanations for that some miRNAs still target the same mRNA
even though the sequence of the miRNAs is changed. First, when we aligned the
sequences of miR-506 family, we observed that some U-to-C or A-to-G
substitutions exist in the seed sequences within the miR-506 family (Figure 2-1C,
S4B). G and U can match with each other, therefore some U-to-C or A-to-G
substitutions may also be able to target the same sequences. Secondly, besides
the "seed sequence”, which is located on the &' end of miRNAs (2-8nt) and the

most commonly used method for classifying family, some data showed that the 3'



106

end of miRNA can also target mRNA, termed as "motif" (65). Indeed, in the
sequence alignment of miR-506 (Figure 2-1C, S4B), it seems that sometimes the

3' end is more conserved.
Divergent roles of these miRNAs in modulating the same genes

To our surprise, the pKO tends to cluster with WT when compared to other KO
groups (Figure 2-S6C). Although the majority function of miRNAs is to silence
genes, several studies showed that miRNA could upregulate gene expression via
interactions between FXR1 (fragile X mental retardation related protein 1) and
AGO2 (8, 9). What's more, in all four AGO proteins (AGO1~4) in the human
genome, AGO2 is the only protein that has the catalytic domain in cleaving
MmRNA(66, 67). In the overlapping dysregulated genes, we observed some genes
have upregulation in some KO groups, but downregulation in the rest of the groups,
and all of them (10 of the 10) are predicted targets of the miR-506 family. These
results suggesting that the miRNAs within this miR-506 family may exert
antagonistic rather than the exact same roles in modulating the same gene
expression, so that the same gene could be regulated more precisely. Consistent
with this theory, a recent paper showed that miR-883a promotes, while the rest
within the miR-506 family repress the FMRP expression (21), although the overall
role of this family is to promote FMRP expression(28). What's more, an early study
on a subfamily of this miRNA cluster showed that miR-513 have divergent roles in

modulating GNG13, DR1, and BTG3 (20).
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Materials and Methods
Animal use and generation of global knockout mice

The animal protocol for this study was approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Nevada, Reno. All mice were
housed and maintained under specific pathogen-free conditions with a
temperature- and humidity-controlled animal facility in the Department of Lab
Animal Medicine, University of Nevada, Reno. Generation of global KO mice was
performed as previously described (28). Briefly, 4-6 weeks of FVB/NJ female mice
were super-ovulated and mated with C57BL/6J stud males; fertilized eggs were
collected from the oviducts. Cas9 mRNA (200ng/ul) and gRNAs (100 ng/ul) were
mixed and injected into the cytoplasm or pronucleus of the fertilized eggs in M2

medium (Millipore, Cat. MR-051-F). After injection, all zygotes were cultured for 1h
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in KSOM+AA medium (Millipore, Cat. MR-121-D) at 37°C under 5% CO. in the air

before being transferred into 7-10 week-old female CD1 foster mothers.
In vitro fertilization (IVF)

C57BL/6J female were intraperitoneal (IP) injected with 7 IU pregnant mare serum
gonadotropin (PMSG), the mice were treated with 7 IU hCG 48h later. 14 h after
hCG treatment, oocytes were collected from the ampulla, and cumulus cells
surrounding oocytes were removed by treatment with 1.5 mg/ml bovine testicular
hyaluronidase (Sigma, Cat. H3506) in M2 (Millipore, Cat# MR-015-D) at 37°C for
2 min. The cumulus-free oocytes were washed and kept in equilibrated HTF
(Millipore, Cat# MR-070-D) with a ratio of 20-30 oocytes /60 pyl HTF at 37°C in air
containing 5% CO2 incubator prior to IVF. One side of cauda epididymal sperm
were collected in 100 yl of equilibrated HTF medium, allowing spermatozoa to
capacitate for ~30 min at 37°C in air containing 5% COz incubator before IVF. After
capacitation, 2 pl spermatozoa were 10-fold diluted and analyzed by computer-
assisted sperm analysis (CASA). Based on the sperm concentration, a total of 2.5
x 10® spermatozoa was added into each 60yl HTF-oocytes drop for IVF. 4 h later,
zygotes were washed and cultured in KSOM+AA (Millipore, Cat. MR-121-D) until
blastocyst stage at 37°C in air containing 5% CO, incubator. 2-cells embryos were
counted 24-26 h after IVF, blastocysts were counted and analyzed under

fluorescence microscope 70-72 h after IVF.
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Serial mating

Serial mating experiment were carried out based on the ovulation time point (10-
13h after hCG) as previously described (68). C57BL/6J females were IP injected
with 7 IlU PMSG at 8 p.m., followed with 7 IU hCG 48h later. After hCG, every
female was introduced to the first male mice from 8 p.m. to 6 a.m. the next day.
After checking the plug at 6 a.m., female with the plug was introduced to the
second male mice. Then, plugs in females were checked every 30min. Females
with two times of plugs were kept until delivery. Tail snips of 5 days postnatal pups

were collected, and analyzed under a fluorescence microscope and by PCR

genotyping.

Mouse genotyping

Mouse tail or ear snips were lysed in a lysis buffer (40mM NaOH, 0.2mM EDTA,
pH=12) for 1h at 95°C, followed by neutralization with the same volume of
neutralizing buffer (40mM Tris-HCI, pH=5). PCR reactions were conducted using
the 2xGoTaq Green master mix (Promega, Cat. M7123). The primers used for

genotyping are the same as previously described (28).
Purification of germ cells

Germ cells were purified using STA-PUT as previously described (1). Pachytene
and round cells were purified from adult CD1 and C57BL/6J mice, and Sprague

Dawley rat.
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RNA extraction, libraries construction and qPCR analyses

RNA of WT and KO testes was extracted using the mirVana™ miRNA |solation Kit
(Thermo Fisher Scientific, Cat. AM1561) following the manufacturer’s instruction.
Large RNA (>200nt) and small RNA (<200nt) were isolated separately for libraries’
construction or gPCR validation. Small RNA libraries were constructed using
NEBNext® Small RNA Library Prep Set for lllumina® (Multiplex Compatible) (NEB,
Cat. E7330L) following manufacturer’s instruction, and sequenced using HiSeq
2500 system for single-end 50bp sequencing. Large RNA libraries were
constructed using KAPA Stranded RNA-Seq Kits with RiboErase (Roche, Cat.
KK8483) according to the manufacturer's instruction, and sequenced using
Nextseq 500 with paired-end 75bp sequencing. For generating cDNAs for large
RNA, reverse transcription was performed using SuperScript™ Il Reverse
Transcriptase (Thermo Fisher Scientific, Cat.18064014). gPCR analyses for large
RNA were then conducted using Fast SYBR® Green Master Mix (Thermo Fisher

Scientific, Cat.4385616). Large RNA expression was normalized to Gapdh.
Large and small RNA-Seq data analysis

For the large RNA-seq data, we applied the Sailfish pipeline (69) to quantify the
MRNA expression from the raw sequencing data, using the Ensembl (70) mouse
gene annotation (mm10). Transcript per million reads (TPM) was used as the unit
of gene expression level. For the small RNA-seq data, we applied the AASRA (71)
for mice and rats, or SPORTS1.0 (72) for humans, monkeys and horses to parse

the raw sequencing data. The clean reads were mapped against miRbase (73).



111

The DESeq2 (74) (for mice and rats) or edgeR (75) algorithm (for humans,
monkeys and horses) was used to compare the groupwise RNA expression pattern.
The trimmed mean of M-values (TMM (76), for mice and rats) or counts per million
(CPM, for humans, monkeys and horses) algorithm was applied for reads count
normalization and effective library size estimation. Groupwise differential
expression was estimated by the likelihood ratio test and the RNAs with a false

discovery rate < 5% were deemed differentially expressed.
Statistical analyses

Data are presented as mean = SEM, and statistical differences between datasets
were assessed by two samples t-test unless stated otherwise. p < 0.05, 0.01, and
0.001 are considered as statistically significant and indicated with *, **, and ***,

respectively.
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Figure 2-1. Evolution divergence, genomic location and sequence alignment
of X linked miR-506 family.

A. Evolution divergence of X linked miR-506 family based on Multiz Alignment &
Conservation using the human genome as a reference. The miRNA clusters
nearby Slitrk2 and Fmr1 were named as SmiR and FmiR, respectively. Positive
PhyloP scores indicate conservation and vice versa. PhastCons has a score
between 0~1, the higher score the DNA region has, the more conserve the DNA
region is. B. The genomic location of X linked miR-506 family. Slitrk2 and Fmr1 are
shown in cyan and blue, respectively, X linked miR-506 family miRNAs are
indicated as green. Three head arrows indicate the inversion of the DNA region
compared to the other genomic DNA. C. Alignment of precursor miRNA of miR-
506-P7 subfamily across species. Bases in the dotted square represent the mature
miRNA. Seed sequences are shown in the grey background, alignment with

mismatches are indicated in bases with the colored background.
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A. Heatmap showing the miR-506 family expression pattern in testis, pachytene
spermatocytes, round spermatids and sperm in CD1 mice strain. B. Heatmap
showing the miR-506 family expression pattern in testis, pachytene spermatocytes,
round spermatids and sperm in the C57BL/6J mice strain. C. Heatmap showing
the miR-506 family expression pattern in testis, pachytene spermatocytes, round
spermatids and sperm in Sprague Dawley rat strain. D. LogCPM showing the miR-
506 family expression pattern in human testis. E. LogCPM showing the miR-506
family expression pattern in marmoset monkey testis. F. LogCPM showing the
miR-506 family expression pattern in sexually immature and mature horse testis.

n=3.
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Figure 2-3. KO of X linked miR-506 family compromised sperm fitness.

A. A cartoon shows the strategies in generating the miRNA clusters KO within the
X linked miR-506 family. B. Litter size of different KOs of X linked miR-506 family.

p < 0.05, 0.01, and 0.001 are considered as statistically significant and indicated
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with *, **, and ***, respectively. C. Litter interval of different KOs of X linked miR-
506 family. D. Testis size of different KOs of X linked miR-506 family. E. Sperm
concentration of different KOs of X linked miR-506 family. F. Sperm motility of
different KOs of X linked miR-506 family. p < 0.05 is considered as
statistically significant and indicated with *. G. HE stains of different KOs of X linked
miR-506 family. H. IVF blastocysts rate of mTmG and pKO with different sperm
ratio. Blastocysts were normalized to 2-cell embryos. I. mTmG percentage in
blastocysts from IVF with different sperm ratio. mTmG were normalized to total
blastocysts. J. Serial mating of mTmG and pKO. WT female mice were injected
with HCG at 8 PM, then the first male mice were introduced with the female and
replaced with the second male mice at 6 AM the next morning. mTmG V.S. pKO,
mTmG male mice mate first; pKO V.S. mTmG, pKO male mice mate first. K.
Genotyping results of serial mating. mTmG V.S. pKO, mTmG male mice mate first;

pKO V.S. mTmG, pKO male mice mate first.
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Figure 2-5. Targets of X linked miR-506 family are conserved among different

species. A. Overlap of dysregulated targets in mice with predicted targets of

humans and rats. B. Comparison in the cumulative distribution of the miR-506

family target sites and the other regions in humans. C. Comparison in the

cumulative distribution of the miR-506 family target sites and the other regions in

mouse. D. Paired comparison in the phyloP score of the miR-506 family target

sites and the other regions in humans. E. Paired comparison in the phyloP score
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of the miR-506 family target sites and the other regions in mouse. F. Comparison
of target numbers per miRNA for the X-linked miR-506 family and all the miRNAs
(baseline) in mice and humans. G. The target site numbers within individual target

genes in both humans and mice.
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Figure 2-S1. Multiz Alignment & Conservation analysis of human X linked
miR-506 family across 100 species.

The human genome is used as a reference. MiRNAs are in pink background.
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Figure 2-S2. Evolution of X linked miR-506 family based on Multiz Alignment
& Conservation and Dot plot analysis.

A. Detailed evolution divergence of X linked miR-506 family across species based
on Multiz Alignment & Conservation using mouse genome as a reference. miRNAs

are in pink background. B. Dot plot analysis of different species.
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Figure 2-S4. Genetic composition of X linked miR-506 family, and sequences
alignment of precursor miR-891 and miR-892.

A. Genetic composition of X linked miR-506 family. The family of TEs are labeled
in red. B. Upper panel, sequences alignment of precursor miR-891 among primate.
Lower panel, sequences alignment of precursor miR-892 among primate. Bases
in the dotted square represent the mature miRNA. Seed sequences are shown in
the grey background, alignment with mismatches are indicated in bases with the

colored background.
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Figure 2-S5. The purity of germ cells after STA-PUT and the phenotype of
dKO.

A. The purity of pachytene spermatocytes and round spermatids after STA-PUT
cell sorting in CD1 mice (upper panel) and C57BL/6J (lower panel) mice. B. HE
stains of WT and dKO testes. C. Testis weight of WT and dKO. D. Sperm

concentration of WT and dKO. E. Sperm motility of WT and dKO.



138

O Target genes O Dysregulated genes
miR-465 KO tKO gKO pKO
421
93
microrna.org 198
198
miRWalk 93
422 1801
12
TargetScan 79
14 1750
343
74
mirDB 217
B C o
Predicted human targets Predicted rat targets
o~ °
°
L R .
& . .
g 7 ® o0
N
O
o . S
| '.o.
o
1

-3

T
-1 0 1 2 3

PC1 (40.6%)
© WT © miR-465 KO e tKO » gKO e pKO

1
w

|
N

Predicted mouse targets

Figure 2-S6. Dysregulated targets and genetic compensation of X linked miR-

506 family.



139

A. Overlaps of dysregulated genes and predicted target genes from microrna.org,
miRWalk, TargetScan, and mirDB four databases. B. Overlaps of predicted targets
of all the X linked miR-506 family from microrna.org, miRWalk, TargetScan, and

mirDB databases. C. PCA analysis of different KOs in mice.
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Abstract

miRNA plays a pivotal role in early embryonic development, however, the role of
miRNA in sexual dimorphism during early embryonic development is still in its
infancy. Here we describe that miR-465 cluster is preferentially expressed in extra-
embryonic tissues at E7.5. Loss of miR-465 cluster lead to female-biased lethality
as early as embryonic day (E) 8.5. The female-biased lethality appears to result

from upregulation of Alkbh1, a tRNA demethylation enzyme.
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Introduction

Sexual dimorphism is differential characteristics between males and females
within the same species, including physiology, morphology, and so on [1]. A recent
study from 14,250 wild-type and 40,192 mutant mice demonstrated that 9.9% of
categorical (qualitative) and 56.6% of continuous (quantitative) traits were sexual
dimorphisms in wild-type mice, but most of the published data didn't take sex as a
variable factor [2]. Sexual dimorphism happens as early as embryonic
development. In most mammals, female contains two X chromosomes, while male
contains one X chromosome and one Y chromosome, the female embryo
undergoes X chromosome inactivation (XCI) to compensate dosage differences
between males and females [3]. Female and male early embryos respond

differently to the same stimulus, resulting in different sex ratios in some cases.

Recent studies have identified numerous sex-biased genes, including mRNAs,
IncRNAs and microRNAs (miRNAs), that contribute to sexual dimorphism in the
fetus, placenta as well as adult tissues [4-7]. As an important player in post-
transcriptional regulation, ~22 nucleotides (nt) miRNA plays an essential role in
early embryonic development [8-14]. After being transcribed by RNA polymerase
II, primary miRNA (pri-miRNA) is cleaved by the microprocessor containing
DROSHA-DGCRS8 (DiGeorge syndrome critical region 8) to form ~70 nt hairpin
precursor miRNA (pre-miRNA) in the nucleus [15]. Then the pre-miRNA is
transported into the cytoplasm and further processed by DICER to form ~22 nt

miRNA duplex. The miRNA duplex is unwound by Argonaute (Ago) proteins; one
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strand of miRNA is loaded into miRNA induced silencing complex (miRISC) to
target mMRNA[8, 16, 17]. In most cases, miRNA downregulates translation by
repressing translation or degrading mRNA, sometimes miRNA could also
upregulate translation[8, 18]. The deletion of the miRNA biogenesis processors in
mice led to early embryonic lethality, indicating an important role of miRNA in early

embryonic development [9-12].

However, little is known regarding the miRNAs’ function in sexual dimorphism
during early embryonic development. One study showed that maternal obesity-
induced upregulation of miR-210 was mediated by NFkB1 in a sex-biased manner,
leading to dysfunction of the placenta in the female[19]. However, the samples that
they used were human placentas at term, when the placentas were already totally
matured. In another study, the deletion of the miR-290 cluster (miR-290~295) in
mice leads to partially penetrant embryonic lethality, and miR-290 cluster KO adult
male mice are fertile while adult females are infertile[13]. A third study showed that
the deletion of miR-34b/c and miR-449 clusters lead to higher male mortality in
mice at the perinatal stage[20]. Here we show that the ablation of the X linked miR-
465 cluster led to male-biased sex ratio due to the impaired placental formation in

female embryos as early as E8.5.
Results

The X-linked miR-465 cluster is preferentially expressed in extraembryonic

tissue at E7.5.

Previous studies showed that the X-linked miR-465 cluster is preferentially
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expressed in testis, sperm, newborn ovary as well as in 8-16-cell embryos and
blastocysts in mice [5, 21-25]. These results suggested that the miR-465 cluster
may be involved in spermatogenesis, early folliculogenesis and/or early embryonic
development. When we compare the expression pattern of the miR-465 between
WT male and female enbryos during early embryonic development, we found that
the miR-465 cluster was highly expressed in extraembryonic tissues at E7.5
(Figure 3-1A), suggesting that this cluster escapes from iXCl and its important role
in the formation of the placenta. Interestingly, miR-465b-5p has a higher
abundance in the female extraembryonic tissues when compared with male
extraembryonic tissues at E7.5 (Figure 3-1A), suggesting sexual dimorphism in
miR-465 expression. Although other miR-465-5p from this cluster also showed
preferential expression in female extraembryonic tissues at E7.5, no significant
differences were observed (Figure 3-1A). Using RNA in situ hybridization (ISH)
with miR-465 probes, we obtained similar results showing that the miR-465,
including miR-465b-5p, miR-465-3p, and miR-465d-3p, are highly expressed in
extraembryonic tissues, especially in the ectoplacental cone (EPC) (Figure 3-1B).
Besides, we found that the miR-465 is highly expressed in maternal decidua
(Figure 3-1B). When comparing the miR-465 sequences among different species,
we found that the orthologs of the miR-465 cluster, which are annotated as the
miR-892b in humans, monkeys and chimpanzees in miRBase [26], are highly
divergent among primate and rodent in the similar X chromosome locus (Figure 3-
1C)[26, 27]. Since G-U wobble base pairing can also occur, these variations

including some U-to-C or A-to-G substitutions may suggest a coevolution of the X
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linked miRNAs or species-specific functions.
Ablation of miR-465 cluster lead to male-biased sex ratio

To elucidate the function of miR-465 cluster, we knocked out the miR-465 cluster
using CRISPR-Cas9, and generated three founders after microinjection (Figure 3-
2A and 2B). PCR and Sanger sequencing showed this cluster is deleted precisely
(Figure 3-2B and 2C). The miR-465" mice are fertile, and the testis size, litter size
and litter interval of miR-465"" mice were comparable to wild type (Figure 3-2D, 2E
and 2F), suggesting this cluster is dispensable for spermatogenesis. Interestingly,
the sex ratio (proportion of males) is highly skewed towards male in miR-465 KO
homozygous inbreeding (-/Y x -/-), when compared to wild-type inbreeding (+/Y x

+/+) (Figure 3-3A).

The skewed sex ratio could result from either skewed X/Y sperm ratio or loss of
female fetuses during embryonic development. We reasoned that if the sex ratio
is already skewed in X/Y sperm stage, the bias should be observed in homozygous
male (-/Y) outcross with wild-type females (+/+), rather than in homozygous female
(-/-) outcross with wild-type male (+/Y). After outcrossing homozygous male or
female with wild-type female or male, respectively, we found that the sex ratios of
both breeding schemes are slightly, but not significantly, skewed (Figure 3-3A),
suggesting that the significantly skewed sex ratio happened during early
embryonic development. When collecting the KO early embryos, the sex ratio was
still 51% at E3.5 and E7.5, but turned into 60% at E10.5 (Figure 3-3B). This further

confirmed that the skewed sex ratio happened during early embryonic



146

development rather than prior to fertilization or in the postnatal day. When
collecting E8.5-E10.5 embryos, some embryos were already reabsorbed (Figure
3-3C). Genotyping results of E9.5 showed that the majority of the reabsorbed
embryos are females (Figure 3-3D). In E10.5, the reabsorbed embryos were too
disintegrated to be separated from maternal decidua and were therefore not

genotyped.
Loss of the miR-465 cluster impaired female placental development.

Our gPCR data and breeding data showed that the miR-465 cluster is preferentially
expressed in extraembryonic tissues at E7.5, and some of the miR-465" embryos
die during E8.5-E10.5, when the placenta forms[28]. These results suggest that
the miR-465 cluster is functional during the formation of the placenta. The
extraembryonic tissues start from blastocyst stage (E3.5), chorioallantoic
attachment occurs at E8.0, followed by villi formation during E8.0-E10.5[28]. The
initial shape of the placenta is already formed at E10.5, while the placenta is not
totally functional until E13.5[28]. Since the sex ratio is skewed during E8.5-E10.5,
while not at E7.5, suggesting that the transcriptome and/or proteome are
drastically changed at the E7.5 stage. Therefore, we used embryos and
extraembryonic tissues at E7.5 both in WT and KO, including male and female, to

determine the changes.

Principal Component Analysis (PCA) indicated that all embryos from WT males
and females as well as KO males are clustered together, the same situation

happened to the extraembryonic tissues (Figure 3-4A). By contrast, although most
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of KO female embryos and extraembryonic tissues are clustered with WT embryos
and KO male embryos (termed as normal-like embryos), some KO females didn’t
cluster with the rest of them (outlier embryos) (Figure 3-4A). Interestingly, when
compared the extraembryonic tissue of outlier miR-465" female to the
counterparts of normal-like miR-465" female, we observed some dysregulated
genes related to sex bias and placental development, gene ontology (GO) term of
the dysregulated genes also showed enrichment in extraembryonic development,

ectoderm development and placental development (Figure 3-4B, 4C).

Among the dysregulated genes, two genes that influence placental development
in a sex-dependent manner caught our eyes. Among the dysregulated genes, Rlim
(also known as Rnf12) is an X linked gene that is responsible for imprinted XCI by
maintaining Xist expression [29], and is highly expressed in extraembryonic tissues
at E7.5 [30], and its dysregulation led to female-biased lethality[31, 32]. Alkbh1 is
a tRNA demethylation enzyme [33] that highly expressed in chorion and the
ectoplacental cone at E8.5 [34], and its ablation induced female-biased lethality[35],
whereas overexpression of Alkbh1 in Hela cells inhibits translation elongation [33].
We performed luciferase assay to identify the direct target of miR-465. The Rlim is
not the direct target of miR-465 (Figure 3-4D), suggesting the dysfunction of the
female placenta may not due to the impaired XCI. By contrast, the luciferase assay
showed that miR-465 directly target Alkbh1 3'UTR (Figure 3-4D). Consistent with
this result, the miR-465" abnormal female showed upregulation of the Alkbh1

when compared to the miR-465" normal female (Figure 3-4C).
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Discussion

The male-biased sex ratio has been observed in humans, mice, and rats [32, 36-
41], and has been associated with the increased proportion of single man, violent
behavior, and trafficking of women in the human population[41, 42]. In humans,
sex ratio bias towards males during natural fertilization has been reported in Asia
and North Africa, with a range of 103-107 or more males per 100 females[40, 41].
Analysis of data from assisted reproductive technology (ART) showed that the sex
ratio at conception is 50%, while the proportion of males increases during
pregnancy due to overall higher female mortality [39]. In mice, IVF offspring
showed a 57.2% male-biased sex ratio due to the loss of the female fetuses [32,
36]. The sex ratio of pups from mothers that were fed with high-fat and low-fat diets
are 0.67 and 0.39, respectively [37]. In rats, mothers fed with high fructose diet

before and during gestation have a skewed sex ratio of 0.6 in their offspring [38].

Despite the phenomena observed above, the molecular mechanisms underlying
the skewed sex ratio is still in its infancy. One study showed that the loss of females
was due to insufficient iXCl in the IVF induced skewed sex ratio[32]. Knock-down
of Rnf12 in in vivo fertilization mimicked the IVF phenotype, while overexpression
of Rnf12 or the treatment of the embryos with RA, which can induce Rnf12
expression, rescued the skewed sex ratio in IVF[32]. Another study showed that
inflammation in the placenta caused by a deficiency of minichromosome
maintenance complex (MCM) (e.g. Mcm4%“®* Mcm2°"*) led to the loss of female

embryos since the males are protected from the anti-inflammation role of
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testosterone [43, 44]. Treat the mice with testosterone or ibuprofen, a non-
steroidal anti-inflammatory drug, rescued the skewed sex bias [43]. Here we show
that loss of miR-465 led to the the upregulation of Alkbh1, which was shown to
catalyze m'A demethylation in tRNA and inhibit translation elongation [33], and
preferential female lethality as early as E8.5. Our study provides a new mechanism

for the male-biased sex ratio.

Materials and Methods
Animal use and generation of global knockout mice

The animal protocol for this study was approved by the Institutional Animal Care
and Use Committee (IACUC) of the University of Nevada, Reno. All mice were
housed and maintained under specific pathogen-free conditions with a
temperature- and humidity-controlled animal facility in the Department of Lab
Animal Medicine, University of Nevada, Reno. Generation of global KO mice was
performed as previously described [25]. Briefly, 4-6 weeks of FVB/NJ female mice
were super-ovulated and mated with C57BL/6J stud males; fertilized eggs were
collected from the oviducts. Cas9 mRNA (200ng/ul) and gRNAs (100 ng/ul) were
mixed and injected into the cytoplasm or pronucleus of the fertilized eggs in M2
medium (Millipore, Cat. MR-051-F). After injection, all zygotes were cultured for 1h
in KSOM+AA medium (Millipore, Cat. MR-121-D) at 37°C under 5% CO; in the air

before being transferred into 7-10-week-old female CD1 foster mothers.
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Mouse genotyping

Mouse tail or ear snips were lysed in a lysis buffer (40mM NaOH, 0.2mM EDTA,
pH=12) for 1h at 95°C, followed by neutralization with the same volume of
neutralizing buffer (40mM Tris-HCI, pH=5). PCR reactions were conducted using
the 2xGoTaq Green master mix (Promega, Cat. M7123). The primers used for

genotyping are the same as previously described [25].
In situ hybridization

Frozen sections (10 um) were adhered to poly-L-lysine-coated slides and fixed in
4 % paraformaldehyde (Sigma-Aldrich, Cat. NO. P6148) solution in PBS for 1 h at
room temperature. Then, the sections were washed 3 times in PBS for 5 min,
acetylated for 10 minutes (0.25% acetic anhydride), washed 2 times in PBS for 5
min, and hybridized with DIG-labeled probes overnight at 50°C. Hybridization
buffer contained 1xsalts (200 mM NaCl, 13 mM Tris, 5 mM sodium phosphate
monobasic, 5mM sodium phosphate dibasic, 5 mM EDTA), 50% formamide, 10%
(w/v) dextran sulfate, 1 mg/ml yeast tRNA (Roche, Cat. No. 10109509001),
1xDenhardt's [1% (w/v) bovine serum albumin, 1% (w/v) Ficoll, 1% (w/v)
polyvinylpyrrolidone], and RNA probe (final concentration: 1 pM). Post-
hybridization washes were followed by an RNase treatment (20 pg/ml RNase A).
After blocking in 20% heat-inactivated sheep serum (Beijing Zhongshan Jingiao
Biotechnology Company, Cat. NO. ZLI-9021) and 2% blocking reagent (Roche,
Cat. NO. 12039672910) for 1 h, sections were incubated overnight in blocking

solution containing anti-DIG antibody (1:2500 dilution; Roche, Cat. No.
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11093274910) at room temperature. After antibody washes, the color was
developed using NBT/BCIP according to the manufacturer's instructions
(Gentihold, NBT Cat. NO. N1332, BCIP Cat. NO. B1360). Sections were
counterstained in Nuclear Fast Red (Solarbio, Cat. NO. G1321), dehydrated in

gradient alcohol, cleared in xylene, and mounted in neutral resins.
RNA extraction, libraries construction, and qPCR analyses

RNA of WT and KO testes was extracted using the mirVana™ miRNA Isolation Kit
(Thermo Fisher Scientific, Cat. AM1561) following the manufacturer’s instruction.
Large RNA (>200nt) and small RNA (<200nt) were isolated separately for libraries’
construction or gPCR validation. Small RNA libraries were constructed using
NEBNext® Small RNA Library Prep Set for lllumina® (Multiplex Compatible) (NEB,
Cat. E7330L) following manufacturer’s instruction, and sequenced using HiSeq
2500 system for single-end 50bp sequencing. Large RNA libraries were
constructed using KAPA Stranded RNA-Seq Kits with RiboErase (Roche, Cat.
KK8483) according to the manufacturer's instruction, and sequenced using
NovaSeq SP with paired-end 50bp sequencing. For generating cDNAs for large
RNA, reverse transcription was performed using SuperScript™ Il Reverse
Transcriptase (Thermo Fisher Scientific, Cat.18064014). gPCR analyses for large
RNA were then conducted using Fast SYBR® Green Master Mix (Thermo Fisher

Scientific, Cat.4385616). Large RNA expression was normalized to Gapdh.
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Large and small RNA-Seq data analysis

For the large RNA-seq data, we applied the Sailfish pipeline [45] to quantify the
MRNA expression from the raw sequencing data, using the Ensembl [46] mouse
gene annotation (mm10). Transcript per million reads (TPM) was used as the unit
of gene expression level. For the small RNA-seq data, we applied the SPORTS1.0
tool [47] to parse the raw sequencing data. The clean reads were mapped against
miRbase [27]. The edgeR algorithm [48] was used to compare the groupwise RNA
expression pattern. The TMM algorithm was applied for reads count normalization
and effective library size estimation. Groupwise differential expression was
estimated by the likelihood ratio test and the RNAs with a false discovery rate < 5%

were deemed differentially expressed.
gPCR and Western Blot (WB).

The differentially expressed genes that fall into the predicted target genes were
selected for qPCR and WB validation. WB was performed as previously

described[32, 49].
Luciferase assay

The 3'UTR of target genes were amplified from mouse genomic DNA and inserted
into multiple cloning site (MCS) of psiCHECK-2 plasmid (Promega) located
downstream of the Renilla luciferase-coding sequence. MiR-465 pre-miRNA along
with ~300 bp of flanking genomic DNA were amplified from mouse genomic DNA
and inserted into the pcDNA3.1 plasmid. HEK293 cells were co-transfected with

psiCHECK-2-target containing 3' UTR of target genes and pcDNAS3.1-miR-465
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using Lipofectamine 2000 (Thermo Fisher Scientific) in a 24 well cell culture plate
(Corning). HEK293 cells co-transfected with psiCHECK-2-target containing 3' UTR
of target genes and pcDNA3.1-miRNA-NC were used as a negative control. 24 h
later, cells will be lysed and assayed with Dual Luciferase Assay (Promega)
according to the instructions of manufacturer. Renilla luciferase signal were

normalized to Firefly luciferase signal to correct the transfection efficiency.
Statistical analyses

Data are presented as mean = SEM, and statistical differences between datasets
were assessed by two samples t-test unless stated otherwise. p < 0.05, 0.01, and
0.001 are considered as statistically significant and indicated with *, **, and ***,

respectively.
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Figure 3-1. Expression pattern and conservation of miR-465.

A. MiR-465 expression pattern in embryonic tissues (or placenta) and fetus at E7.5
and E10.5. M, male; F, female; Em, embryo; Ex, extraembryonic tissue; PI,
placenta. * indicates p<0.05, ** indicates p<0.01, ***indicates p<0.001. Two-way
ANOVA was used for statistical analysis. B. RNA-ISH of the miR-465b-5p, miR-
465a/b/c-3p, and miR-465d-3p at E7.5. Ch, chorion; EPC, ectoplacental cone; De,

maternal decidua; Scale bars: 200 um. The miR-NC is used as a negative control
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probe. C. The orthologs of the miR-465 cluster are relatively conserved among
primate and rodent. Bases in grey are potential seed regions. C. The orthologs of

the miR-465 are in the similar X chromosome locus.
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Figure 3-2. Generation of miR-465 cluster KO mice.

A. The cartoon shows the strategy for generating miR-465 cluster KO mice. Dark
red indicates miRNA cluster, brown indicates gRNAs used, green indicates primers
used, grey indicates PAM (protospacer adjacent motif) sequence. B. PCR shows
the genotyping of founder mice. C. Sanger sequence showed that the miR-465
cluster was deleted precisely. D. Testis size of miR-465" was comparable to WT.
E. Litter size of miR-465" was comparable to WT. F. Litter interval of miR-465"

was comparable to WT.
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Figure 3-3 MiR-465" homozygous inbreeding showed highly skewed sex

ratio.

A. Sex ratio is highly skewed in homozygous inbreeding (-/Y x -/-), rather than in

homozygous outcrossing with WT ((-/Yx +/+) or (+/Y x -/-)) or WT inbreeding (+/Y

x +/+). * indicates p<0.05, NS indicates not significant. Two sample T-test was

used for statistical analysis. B. Skewed sex ratio happens at E10.5, rather than at

E3.5 or E7.5, n stands for numbers of breeding pairs. C. Representative figures

showed some female embryos were

reabsorbed during E8.5-E10.5. D.

Representative figure of genotyping data, DYzEms3 is a Y chromosome-specific
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repetitive sequence, Rn18s is the internal control. Male shows two bands

(DYzEms3 & Rn18s), while female only shows one band (Rn18s).
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Figure 3-4 RNA-seq analysis of miR-465 KO and WT mice.
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A. PCA analysis of embryo and extraembryonic tissues from miR-465 KO and WT
mice. The red arrows indicate the outlier miR-465 KO female. B. GO term of
dysregulated genes between the outlier and normal-look miR-465 KO female. C.
Scatter plot of dysregulated genes between the outlier and normal-look miR-465
KO female. FDR > 0.05 and FDR < 0.05 were indicated as circle and triangle,
respectively. The genes related to placental development were labeled in orange,
and the rest genes were labeled in blue. D. Luciferase assay for Alkbh1 and Rlim.
psiCHECK-2 is the empty vector used, the cel-mir-67 is the negative control
miRNA, firefly luciferase activity is used as the internal control. * indicates the p <

0.05.
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CHAPTER 1IV: Conclusion and future direction.

Since the discovery of miRNA in C. elegans in 1993 [1], the research focus on
miRNAs have increased dramatically. miRNAs appear to influence almost all
cellular events[2]. Ablation of miRNA processing enzymes led to early embryonic
lethality [3-6], conditional KO of Dicer or Drosha also led to impaired
spermatogenesis and male infertility[7], indicating important roles of miRNA in
early embryonic development as well as spermatogenesis.

In our studies, we showed that the X linked miR-506 family fine-tunes
spermatogenesis (Chapter Il). Previous studies showed that the miR-506 family
only exists in placental mammals and one marsupial [8], using Multiz Alignment &
Conservation, we found that the miR-506 family exists as early as in green sea
turtle. Besides, we found that the miR-506 family has undergone divergent
expansion that may be driven by L1 retrotransposition. The miR-506 family is
highly expressed in testis, germ cells, and sperm, and play an important role in
fine-tuning spermatogenesis. The targets of the miR-506 family seem conserved
through humans, mice, and rats despite their highly divergent sequence similarities,
and the miRNAs within this family compensate with each other. ~7nt of the seed
region made it hard to identify miRNA targets. Our results indicate that the ablation
of miR-506 family induced dysregulation of target genes, and further analysis
suggests that these targets are shared among humans, mice, and rats. Further
work may need to be done by performing CLIP using the available Halo-Ago2

mice[9], although some targets may be missing due to either the reduced activity
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of Ago2 or that the X linked miR-506 family may be bound by Ago4 rather than
Ago2[10].

Among the miR-506 family, we found that the miR-465 cluster is involved in sex
dimorphism regulation through modulating early extraembryonic development
(Chapter Ill). The miR-465 cluster is preferentially expressed in extraembryonic
tissues at E7.5. Ablation of this cluster led to female-biased lethality, whereas
breeding of -/Y or -/- with wild-type didn’t induce significant sex bias, suggesting
that the sex bias was not due to biased X/Y sperm counts. Further dissection
showed that the sex bias happened at E10.5, whereas not at E3.5 or E7.5. The
embryos were absorbed during E8.5~E10.5. Further RNA-seq identified that
abnormal embryos have upregulated Alkbh1, which is a tRNA demethylase and
was shown to impair translation elongating upon upregulation[11]. Further work
may need to be done by determining if overexpression of Alkbh1 could lead to
female-biased lethality and if mutations in the miR-465 binding site of Alkbh1

3’'UTR could restore the biased sex ratio.
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