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Biallelic Mutations in PATL2 Cause Female Infertility
Characterized by Oocyte Maturation Arrest

Biaobang Chen,1,2,7 Zhihua Zhang,1,7 Xiaoxi Sun,3,7 Yanping Kuang,4,7 Xiaoyan Mao,4,7

Xueqian Wang,1,7 Zheng Yan,4 Bin Li,4 Yao Xu,1 Min Yu,3 Jing Fu,3 Jian Mu,1 Zhou Zhou,1 Qiaoli Li,1

Li Jin,1 Lin He,5,6 Qing Sang,1,2,* and Lei Wang1,2,*

Oocyte maturation arrest results in female infertility, but the genetic determinants of human oocyte maturation arrest remain largely

unknown. Previously, we identified TUBB8 mutations responsible for human oocyte maturation arrest, indicating the important role

of genetic factors in the disorder. However, TUBB8mutations account for only around 30% of individuals with oocyte maturation arrest;

thus, the disorder is likely to involve other genetic factors that are as yet unknown. Here, we initially identified a homozygous nonsense

mutation of PATL2 (c.784C>T [p.Arg262*]) in a consanguineous family with a phenotype characterized by human oocyte germinal

vesicle (GV) arrest. Subsequent mutation screening of PATL2 in a cohort of 179 individuals identified four additional independent in-

dividuals with compound-heterozygous PATL2mutations with slight phenotypic variability. A genetic burden test further confirmed the

genetic contribution of PATL2 to human oocyte maturation arrest. By western blot in HeLa cells, identification of splicing events in

affected individuals’ granulosa cells, and immunostaining in affected individuals’ oocytes, we provide evidence that mutations in

PATL2 lead to decreased amounts of protein. These findings suggest an important role for PATL2 mutations in oocyte maturation arrest

and expand our understanding of the genetic basis of female infertility.
Successful fertilization in humans requires the fusion of a

sperm with a mature oocyte. Oocyte maturation occurs

through a series of molecular and morphological changes.

Oocytes are initially arrested at the diplotene stage of pro-

phase I, at which point they are referred to as germinal

vesicle (GV) oocytes. Upon a surge in luteinizing hormone,

GV oocytes exit prophase I and resume meiosis, and this is

followed by chromatin condensation and breakdown of

the nuclear envelope.1 Coupled with spindle formation

and chromosome alignment, oocytes enter into meiosis I

(when they are referred to as MI oocytes). MI is completed

by extrusion of the first polar body. Oocytes then enter

into meiosis II (when they are referred to as MII oocytes)

but arrest at metaphase of MII until fertilization.2 In

clinical in vitro fertilization (IVF) and intracytoplasmic

sperm injection (ICSI), first polar body (PB1) oocytes are re-

garded as indicative of MII oocytes, which can be used for

fertilization. Oocyte maturation arrest occurs at different

stages, including the GV stage and MI, leading to female

infertility.3

Human oocyte maturation arrest was first described in

1990,4 and three types of oocyte anomaly were observed

in four infertile women during IVF: GV arrest, MI arrest,

and the absence of oocytes. Similar cases were observed

in other previous reports,5–8 but genetic factors related to

human oocyte maturation arrest were rarely investigated

and largely unknown. Recently, we determined the inher-
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itance pattern of human oocyte MI arrest (MIM: 616780)

and identified TUBB8 (MIM: 616768) mutations that are

responsible for the disease.9–11 According to our data and

the data of other groups,9,10,12 mutations in TUBB8 ac-

count for around 30% of the individuals with oocyte MI

arrest, but the genetic causes of human oocyte GV arrest

remain to be elucidated, and other genetic causes of MI

arrest are largely unknown.

In the present study, we identified a homozygous muta-

tion in PATL2 (MIM: 614661; GenBank: NM_001145112.1)

in a consanguineous family affected by oocyte GV arrest

and found PATL2 biallelic mutations (GenBank: NM_

001145112.1) in individuals fromanadditional four families

with slight phenotypic variability. Together, in vitro and

in vivo evidence show that biallelic mutations in PATL2

decrease protein amounts.

In our study, all case and control individuals (women

with normal fertility) were from the Shanghai Ji Ai Ge-

netics & IVF Institute and the Ninth Hospital affiliated

with Shanghai Jiao Tong University. This study was

approved by the ethics committee of the Medical College

of Fudan University. All immature oocytes were donated

by affected individuals after they had provided written,

informed consent, and control PB1 oocytes used in this

study were matured in vitro from GV or MI oocytes. Imma-

ture oocytes from affected individuals were fixed in 2%

paraformaldehyde for immunostaining, and peripheral
of Biomedical Sciences, School of Life Sciences, Fudan University, Shanghai

Biomedicine and Health Joint School of Life Sciences, Guangzhou Medical

stitute, Obstetrics and Gynecology Hospital, Fudan University, Shanghai

hanghai Jiao Tong University, Shanghai 200011, China; 5Key Laboratory

Center, Ministry of Education, Shanghai Jiao Tong University, Shanghai

nical Translation at the Third Affiliated Hospital, Guangzhou Medical Uni-

cn (L.W.)

n Journal of Human Genetics 101, 609–615, October 5, 2017 609

mailto:sangqing@fudan.edu.cn
mailto:wangleiwanglei@fudan.edu.cn
https://doi.org/10.1016/j.ajhg.2017.08.018
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2017.08.018&domain=pdf


Ⅰ

Ⅱ
1 2

Family 2

1 2
c.558T>A/WT

C C T A T/A G C T A

C C T A T/A G C T A

II-1

II-2

I-1

I-2
C C T A T/A G C T A

C C T A T G C T A

T C C T G A G A G C T C T G C T  

TCCTCCCTCCTGTTCCAGAG 

TCCTCCCTCCTGTTCCAGAG 

T C C T G A G A G C T C T G C T  

c.558T>A [p.Tyr186*];
Family 4

c.566T>G [p.Leu189Arg]; 
c.649T>A [p.Tyr217Asn]

II-1

I-1

I-2

A A C C T/G C A T G

A A C C T/G C A T G

C T A C T/A A T T A

C T A C T A T T A

C T A C T/A A T T AA A C C T C A T G

Ⅰ

Ⅱ

21

1

Family 1

II-1
G G T C T G A A T

c.784C>T [p.Arg262*]

c.784C>T/c.784C>T

c. 223-14_223-2delCCCTCCTGTTCCA
                 [p. Arg75Valfs*21]

A

Ⅰ

Ⅱ

21

1

c.953T>C/WT

Family 3
c.953T>C [p.Ile318Thr]; 
c.839G>A [p.Arg280Gln]

G A A A T/C A G A G

G A A A T/C A G A G

G A A A T A G A G

II-1

I-1

I-2

C G C C G A G C T

C G C C G/A A G C T

C G C C G/A A G C T

Ⅰ

Ⅱ
1 2

Family 5

1 2

II-1

II-2

I-1

I-2

WT/WT

c.1224+2T>C [p.Gln411Trpfs*3];

C A G G T/C A C T G 

C A G G T/C A C T G 

C A G G T A C T G 

C A G G T A C T G 

c.1224+2T>C
[p.Gln411Trpfs*3]

c.1224+2T>C/WT

T C C T G A G A G C T C T G C

T C C T G A G A G C T C T G C   

TCCTCCCTCCTGTTCCAGAG 

TCCTCCCTCCTGTTCCAGAG 

c. 223-14_223-2delCCCTCCTGTTCCA
                   [p. Arg75Valfs*21]

c. 223-14_223-2delCCCTCCTGTTCCA
              [p.Arg75Valfs*21]

H
om

oz
yg

os
ity

 s
co

re
s

0.6

0.8

1.0
   E1      E2            E3                    E4              E5           E6          E7                        E8       E9       E10       E11          E12          E13                     E16

        Family  2, 5 
c. 223-14_223-2del
CCCTCCTGTTCCA   

Family 4 
c.566T>G

Family 2
c.558T>A

Family 4
c.649T>A Family 1

c.784C>T

Family 3 
c.839G>A

Family 3 
c.953T>C    Family 5

 c.1224+2T>C

p.Arg262*

PAT1 domain

p.Tyr186*
. Arg75Valfs*21

p.Tyr217Asn p.Arg280Gln

p.Gln411Trpfs*3

PATL2

PATL2

p.Leu189Arg

CB

Ⅰ

Ⅱ

21

1

c.566T>G/WT

 c.784C>T
 [p.Arg262*]

c.558T>A 
[p.Tyr186*]

c. 223-14_223-2delCCCTCCTGTTCCA
                 [p. Arg75Valfs*21]

c.953T>C 
[p.Ile318Thr]

c.566T>G 
[p.Leu189Arg] 

c.839G>A 
[p.Arg280Gln]

c.649T>A 
[p.Tyr217Asn]

Macaca fascicularis
Mus musculus
Oryctolagus cuniculus 
Equus ferus caballus
Canis lupus familiaris

TQRALLSS
TQRGLHSS
TQRGLPSY
TQRGGLSS
TQRGLLSS

PDPYANLMT
SDAYANLMT
PDPYANLMT
PDPYANLMT
PDPYVNLMT

DYYYQEYYQK
DYYYQKYYQK
DYYYQEYYRK
DYYYQKYYQK
DYYYQEYYQK

SVVRIEGSLGQ
SVVRIEGSLGQ
SVVRIEGSLGQ
SVVRIEGSLGQ
SVVRIEGSLGQ

SPRRAIDAV
SPRRAIDAV
SPRRAIDAV
SPRRAIDAV
SPRRAIDAV

LLEIEEGWKY
LLKIEEGQND
LLEIEEGRKD
LLEIEEGQKD
LLEIEEGQKD

DQALQMLFKP
DQGLHMLFKP
DQALHMLFKP
DQALQMLFKP
DQALQMLFKP

p.Arg75Valfs*21       p.Tyr186*          p.Tyr217Asn                  p.Arg262*                p.Arg280Gln    p.Ile318Thr               p.Gln411Trpfs*3

QR
QR
QR
QR
QR

YY
YY
YY
YY
YY

R
R
R
R
R

RA
RA
RA
RA
RA

EIE
KIE
EIE
EIE
EIE

Q
H
H
Q
Q

YAYY
AYAYY

YAYY
YAYY
YV

LM
LM
LM
LM

NL

Homo sapiens TQRALLSS PDPYANL MT DYYYQEYYQK SVVRIEGSLGQ SPRRAIDAV LLEIEEGWKY DQALQMLFKP

c. 223-14_223-2del
CCCTCCTGTTCCA/WT

c. 223-14_223-2del
CCCTCCTGTTCCA/c.558T>A c.558T>A/WT

c.839G>A/WT

c.953T>C/c.839G>A

c.649T>A/WT

c.566T>G/c.649T>A

c. 223-14_223-2del
CCCTCCTGTTCCA/WT

c.1224+2T>C/c. 223-14_223-2
delCCCTCCTGTTCCA

p.Leu189Arg

?

?/? ?/?

p.Ile318Thr

p

Figure 1. Identification of Mutations in PATL2
(A) Five pedigrees affected by oocyte maturation arrest. All five affected individuals have biallelic mutations with a recessive inheritance
pattern. The proband from family 1 (with consanguineous parents) has a homozygous nonsense mutation in PATL2. The other individ-
uals from families 2–5 carry compound-heterozygous variants derived from both parents. Sanger sequencing confirmation is shown
below the pedigrees. Equal signs indicate infertility, and the double line between individuals I-1 and I-2 in family 1 indicates consan-
guinity. Black circles represent the proband. In family 2, the sister of the affected individual carrying a heterozygous mutation was
not married, and her fertility was unknown.
(B) Homozygosity mapping of individual II-1 in family 1. Homozygous regions harboring the strongest signal are indicated in red. The
asterisk indicates the area where PATL2 is located.
(C) Locations and conservation of mutations in PATL2. The positions of all mutations are indicated in the genomic structure of PATL2.
The affected amino acids were compared among six mammalian species in a conservation analysis.
blood was sampled for DNA extraction and sequencing

according to the instructions of the QIAGEN DNA extrac-

tion kit.

We first recruited an individual diagnosed with primary

infertility from a consanguineous family (family 1;

Figure 1A). According to the description reported by the in-

dividual, almost all the oocytes retrieved in previous IVF

and ICSI cycles performed in other provincial hospitals

several years ago were arrested at the GV stage. Her latest

ICSI operation produced five oocytes, of which four were

arrested at the GV stage and one was arrested at the MI

stage, whereas no PB1 oocytes were obtained (Table 1).

Thus, the phenotype of this individual was GV arrest. After

whole-exome capture (Agilent) and Illumina sequencing,

the subsequent bioinformatics analysis was based on stan-

dard protocols.13–15 The functional impact of all variants

and indels was assessed by SIFT and PolyPhen-2. Because

of her parental consanguinity, a recessive inheritance
610 The American Journal of Human Genetics 101, 609–615, Octobe
model was applied for the genetic analysis of homozygos-

ity mapping with HomozygosityMapper (Figure 1B).16 Var-

iants were prioritized according to the following filtering

criteria: (1) homozygous variants with a minor allele fre-

quency < 0.1% in the ExAC Browser and located within

the homozygous regions greater than 2.0 Mb, (2) loss-of-

function alleles and damaging missense variants predicted

by SIFT or PolyPhen-2, and (3) variants with high gene

expression (fragments per kilobase of transcript per million

mapped reads > 50) both in human and mouse oocytes

according to our in-house RNA sequencing data. The

intersection of the criteria led us to identify PATL2 contain-

ing the homozygous nonsense mutation c.784C>T

(p.Arg262*) (GenBank: NM_001145112.1). Subsequently,

we performed mutation screening for PATL2 by using

Sanger sequencing in a cohort of 179 infertile individuals

with normal menstrual cycles and hormone levels. Most

of their oocytes failed to mature after repeated IVF and
r 5, 2017



Table 1. Clinical Characteristics of Affected Individuals and Their Retrieved Oocytes

Family
Age
(Years)

Duration of
Infertility
(Years)

IVF and
ICSI
Cycles

Total
No. of
Oocytes
Retrieved

GV
Oocytes

MI
Oocytes

PB1
Oocytes

Oocytes with
Abnormal
Morphology

Fertilized
Oocytes

No. of
Embryos
That Could
Be Cleaved

Embryos
Arrested
at an Early
Stage

1 31 8 1 5 4 1 0 0 0 0 0

2 32 9 1 3 2 0 1 0 0 0 0

3 31 11 8 64 4 7 49 4 10 4 3

4 30 6 3 75 13 14 18 30 5 2 1

5 33 3 3 47 18 2 21 6 10 9 6

Abbreviations are as follows: GV, germinal vesicle; MI, metaphase I; and PB1, first polar body.
ICSI attempts. Unexpectedly, biallelic mutations in PATL2

were detected in another four individuals in families 2–5

(Figure 1A).

Family2 carriedbiallelicmutations c.558T>A(p.Tyr186*)

andc.223�14_223�2delCCCTCCTGTTCCA(p.Arg75Valfs*

21). Family 3 carried compound-heterozygous missense

mutations c.953T>C (p.Ile318Thr) and c.839G>A

(p.Arg280Gln), whereas family 4 carried c.649T>A

(p.Tyr217Asn) and c.566T>G (p.Leu189Arg). Family 5

carried compound-heterozygous splicing mutations

c.1224þ2T>C (p.Gln411Trpfs*3) and c.223�14_223�
2delCCCTCCTGTTCCA (p.Arg75Valfs*21) (Table 2). The

multiple-sequence alignment programClustalOmega indi-

cates that the amino acids altered in these affected individ-

uals are highly conserved among mammalian species

(Figure 1C). Clinical information of these individuals

is summarized in Table 1 and Figure 2A, and full descrip-

tions are in the Supplemental Note. In brief, the individual

in family 2 had a phenotype similar to that of the family 1

proband, whereas the phenotypes of the individuals in

families 3–5 were somewhat different. Apart from oocytes

arrested at the GV and MI stages, some PB1 oocytes could

be retrieved from individuals in families 3–5. Some of these

PB1 oocytes were abnormal with a large polar body

(Figure 2A), and most of the PB1 oocytes either failed to

be fertilized or were fertilized but led to embryo arrest at

an early stage (Table 1). These findings indicate that muta-

tions in PATL2 result in phenotype variability, including

GV arrest, MI arrest, fertilization failure, and early embry-

onic arrest.

Next, to examine the genetic load of PATL2, we used

Fisher’s exact test to perform a gene burden test between

the ExAC Browser (variants with a minor allele frequency

below 0.1%) and the case cohort. There were ten loss-of-

function or damaging missense variants in our cohort of

180 infertile individuals, and we identified 110 loss-of-

function or damaging missense variants in 60,706 individ-

uals in the ExAC Browser (p ¼ 3.9e�12, odds ratio ¼ 31.5).

These results strongly support the genetic contribution of

PATL2 to oocyte maturation arrest.

To determine the spatial expression of PATL2 at the

mRNA level, we measured cDNAs of human oocytes and
The America
different tissues by real-time PCR analysis. Total RNA

from different tissues and from GV, MI, and PB1 oocytes

was extracted with an RNeasy Mini Kit (QIAGEN). Reverse

transcription was performed with the PrimeScript RT Re-

agent Kit after the removal of genomic DNA with the

gDNA Eraser (Takara). The expression level of PATL2 was

determined with specific primers (Table S1) and was

normalized to the expression level of an internal GAPDH

(MIM: 138400) control. Real-time qPCR was performed

in triplicate on a 7900HT Fast Real-Time PCR System

(Applied Biosystems). The relative expression level was

2�DCt, where DCt ¼ Ct (PATL2) � Ct (GAPDH). We found

that PATL2 was more highly and specifically expressed in

human GV, MI, and PB1 oocytes than in various kinds of

somatic tissues (Figure S1A). To further confirm the

amounts of PATL2 in oocytes of different stages, we

used normal GV, MI, and PB1 oocytes for immunostain-

ing as previously described.11 We found that PATL2 was

widely distributed in the cytoplasm of normal human

GV oocytes and was gradually degraded in the cyto-

plasm of human MI and PB1 oocytes, as indicated by

reduced fluorescence intensity (Figure 2B). These results

indicate that PATL2 might play an important role in the

process of human oocyte maturation and early embryonic

development.

We next assessed the amounts of PATL2 with missense

variants in vitro and transfected wild-type and mutant

PATL2 constructs into HeLa cells. The PATL2 product was

cloned into the pCMV6-Entry vector with a FLAG tag

(Origene) after AsiSI and MluI (New England Biolabs) dual-

enzyme digestion. All clones were validated by sequencing.

We performed site-directed mutagenesis to introduce six

variants—c.784C>T (p.Arg262*), c.558T>A (p.Tyr186*),

c.953T>C (p.Ile318Thr), c.839G>A (p.Arg280Gln),

c.649T>A (p.Tyr217Asn), and c.566T>G (p.Leu189Arg)—

into the pCMV6-Entry vector with the KOD-Plus Mutagen-

esis Kit (Toyobo Life Science). HeLa cells were harvested

36 hr after transfection and washed three times with cold

PBS. Total protein was extracted with RIPA lysis buffer

(Shanghai Wei AO Biological Technology) and then sub-

jected to centrifugation at 14,000 3 g at 4�C for 30 min

to yield the supernatant. Protein amounts were probed
n Journal of Human Genetics 101, 609–615, October 5, 2017 611



Table 2. Overview of the PATL2 Mutations Observed in the Five Families

Family
Genomic Position on
Chr15 (bp) cDNA Change Protein Change Mutation Type SIFTa PPH2a 1KG_easb ExAC_easb

1 44,962,067 c.784C>T p.Arg262* stop gain T NA NA NA

2 44,966,430–44,966,442 c. 223�14_223�
2delCCCTCCTGTTCCA

p. Arg75Valfs*21 splicing NA NA NA 0.0017

44,964,312 c.558T>A p.Tyr186* stop gain T NA NA NA

3 44,961,589 c.953T>C p.Ile318Thr missense D P NA NA

44,962,012 c.839G>A p.Arg280Gln missense T D NA NA

4 44,964,221 c.649T>A p.Tyr217Asn missense D D NA NA

44,964,304 c.566T>G p.Leu189Arg missense D D NA NA

5 44,966,430–44,966,442 c. 223�14_223�
2delCCCTCCTGTTCCA

p. Arg75Valfs*21 splicing NA NA NA 0.0017

44,961,176 c.1224þ2T>C p.Gln411Trpfs*3 splicing NA NA NA NA

aMutation assessment by SIFT and PolyPhen-2 (PPH2). T, tolerance; D, damaging; and P, probably damaging.
bFrequency of corresponding mutations in East Asian population of 1000 Genomes (1KG) and ExAC Browser. NA, not available.
with rabbit anti-flag (1:3,000 dilution; Sigma) and mouse

anti-vinculin (1:5,000 dilution; Sigma) primary antibodies.

As indicated in Figure S1B, compared with the amount of

wild-type PATL2, the amount of mutant c.649T>A

(p.Tyr217Asn) and c.566T>G (p.Leu189Arg) (family 4)

was not obviously changed. However, the amount of

mutant c.953T>C (p.Ile318Thr) (family 3) was significantly

lower than that of the wild-type. Both mutant c.784C>T

(p.Arg262*) (family 1) and mutant c.558T>A (p.Tyr186*)

(family 2) led to the predicted premature-termination

products.

To detect the effect of mutations on the amount of

PATL2 in affected individuals, we used fixed oocytes

from the individuals for PATL2 immunostaining. PATL2

was completely absent in oocytes from family 2, demon-

strating the loss-of-function variant of PATL2 in family 2

(Figure 2B). Similarly, the oocytes from families 4 and 5

showed extremely lower amounts of PATL2 than did

normal oocytes, which might be the result of protein

degradation caused by the corresponding mutations

(Figure 2B). These results further support the conclusion

that the mutant PATL2 might be subject to more rapid

degradation in our affected individuals. In addition,

although mutations in family 4 had no detectable effects

on the amount of PATL2 in HeLa cells (Figure S1B), the

overall amount of PATL2 decreased significantly in the

oocytes of the affected individual from family 4. This

could be explained by faster protein degradation by

PATL2 mutations in human oocytes than in cultured

cell lines.

To investigate the effects of splicingmutations onmRNA

integrity in vivo, we sequenced PATL2 cDNA from granu-

losa cells of the affected individual from family 5 by using

TA-clone libraries with the specific primers shown in Table

S1. We found two kinds of splicing alterations due to the

mutations that were not found in the control individual.
612 The American Journal of Human Genetics 101, 609–615, Octobe
As shown in Figure 3A, a 49-bp intronic sequence before

exon 4 was inserted, whereas in Figure 3B a 43-bp intronic

sequence after exon 12 was retained and triggered exon

skipping. Both of the splicing mutations (c.223�14_223�
2delCCCTCCTGTTCCA [p.Arg75Valfs*21] and c.1224þ
2T>C [p.Gln411Trpfs*3]) resulted in a frameshift and pro-

tein truncation. TA-clone sequencing showed that the pro-

portion of positive c.223�14_223�2delCCCTCCTGTTCCA

(p.Arg75Valfs*21) clones (6.7% [1/15]) was lower than that

of c.1224þ2T>C (p.Gln411Trpfs*3) (30% [9/30]), implying

that the former was affected more severely by nonsense-

mediated decay than the latter.

In this study, we have identified biallelic mutations in

PATL2 in five infertile female individuals from five inde-

pendent families affected by oocyte maturation arrest.

We also provide evidence for the mutational effects on

the amount of PATL2 in vitro and its localization in

affected individuals’ oocytes. Thus, we have uncovered

an important role for PATL2 mutations in human oocyte

maturation arrest and female infertility. We found pheno-

typic variability in individuals with PATL2 mutations,

most likely because the different mutations have different

types of effects. The function of PATL2 in the individuals

from families 1 and 2 was expected to be totally lost as

a result of the nonsense mutations, the phenotype of

which was mainly GV arrest. As for the compound-hetero-

zygous missense mutations in the individuals from fam-

ilies 3 and 4, the function of PATL2 was less severely

impaired than in families 1 and 2. Correspondingly, small

numbers of PB1 oocytes, in addition to GV and MI

oocytes, could be retrieved from the individuals in fam-

ilies 3 and 4. However, either these PB1 oocytes failed to

be fertilized or they were fertilized but the ensuing em-

bryos showed early developmental arrest. We therefore

infer that phenotypic variability depends on the extent

of impaired function of PATL2, and greater impairment
r 5, 2017
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A Figure 2. Phenotypes of Oocytes
Retrieved from Affected Individuals
(A) Themorphology of normal and affected
individuals’ germinal vesicle (GV), meta-
phase I (MI), and first polar body (PB1) oo-
cytes. Individuals from families 3 and 4
had some PB1 oocytes, but these had
abnormal PB1s, as indicated by the arrows.
The scale bar represents 50 mm.
(B) Immunolabeling of normal and affected
individuals’ oocytes at different stages. Oo-
cytes were immunolabeled with antibodies
against PATL2 (shown in green) for visuali-
zation of the protein distribution and were
counterstainedwithHoechst 33342 (shown
in blue) for DNA visualization. The mor-
phologies of the oocytes were examined
with an inverted microscope system
(OLYMPUS IX71), and the immunolabeling
was examined by confocal microscopy
(Leica). PATL2 was mostly located in the
cytoplasm of normal oocytes and gradually
degraded during oocyte maturation. The
affected individuals’ oocytes showed lower
fluorescence than the normal oocytes,
implying that the amount of PATL2 was
greatly impaired by these mutations. The
scale bar represents 50 mm.
of the amount of PATL2 results in oocyte arrest at earlier

stages.

PATL2 is an ortholog of S. cerevisiae Pat1,17 andPATL2was

initially regarded as an mRNA-binding protein (mRNP)

associated with other mRNPs such as Xp54, xRAP55, and

CPEB.18,19 It has been documented that PATL2 can repress
A BA B

Figure 3. A Schematic Representation of the PATL2 Splice Aberrations That Lead to Pr
(A) Schematic illustrating the effect of the PATL2 c.223�14_223�2del CCCTCCTGTTCCA
tion disrupted the canonical acceptor splicing site and resulted in an alternative accepto
between exons 3 and 4.
(B) Schematic illustrating the effect of the PATL2 c.1224þ2T>C splice-site mutation. The
donor splice site andmade the next downstream splice site the donor site, causing a 43-bp
script variant 1) or exon 14 (transcript variant 2). Both types of splicing mutations result

The American Journal of Human
translation in oocytes and that overex-

pression of PATL2 in Xenopus oocytes

leads to oocyte maturation arrest.19 In

this study, all affected individuals have

loss-of-function mutations, and the oo-
cytes of some individuals showed decreased or absent

PATL2, which implies that the mutations cause accelerated

protein degradation instead of activation. This can be ex-

plained either by different pathogenic mechanisms of

PATL2 overexpression and deletion or by bidirectional

effects of PATL2 in the oocyte maturation process. The
otein Truncation in Affected Individuals
splice-site mutation. The acceptor �2A dele-

r ahead of the site, causing a 49-bp insertion

donor þ2T>Cmutation missed the canonical
insertion between exon 12 and exon 13 (tran-
ed in premature termination.
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diminished PATL2 in oocytes might disrupt canonical

translational repression and activate downstream tran-

scripts for protein synthesis in an untimely manner and

thus result in the observed phenotype. Thus, a possible

mechanismother than loss-of-function effects is thatmuta-

tions in PATL2 might impair the amount of these mRNPs

and thereby cause the phenotype. Because the function of

PATL2 remains largely unknown, the exact mechanism of

PATL2 in oocyte maturation should be investigated in the

future.

We recently found that mutations in TUBB8 are

responsible for oocyte MI arrest and that these mutations

could explain MI arrest in around 30% of affected individ-

uals.9–11 Here, we identified another gene, PATL2, associ-

ated with human oocyte maturation arrest. In clinical

IVF and ICSI, the quality of oocytes and embryos is based

on only morphological criteria, and the exact reasons

behind recurrent IVF failure in some infertile individ-

uals are largely unknown. Recent studies from our group

and others have suggested that some human oocyte

maturation arrest and early embryonic arrest follow a

Mendelian inheritance pattern.9,20,21 Thus, investigations

into the genetic basis of recurrent IVF and ICSI failure

might uncover additional genes and corresponding

mechanisms behind oocyte and embryonic development.

In addition, such investigations will provide molecular

biomarkers for quality evaluation of oocytes and embryos,

which will facilitate the success of IVF and ICSI

procedures.
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