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Abstract
Dynein light chain, Tctex-type 3 (DYNLT3), is a member of the cytoplasmic dynein DYNLT light chain family and has been
reported to have a potential role in chromosome congression in human mitosis. However, its role in mammalian meiosis is
unclear. In this study, we examined its localization, expression, and functions in mouse oocyte meiosis. Immunofluorescent stain-
ing showed that DYNLT3 was restricted to the germinal vesicle and associated with kinetochores at the germinal vesicle break-
down stage, metaphase I and metaphase II. The expression level of DYNLT3 was similar at all meiotic stages. Depletion of
DYNLT3 by antibody injection resulted in chromosome misalignment and decrease of the polar body extrusion rate. We further
found that DYNLT3-depleted oocytes displayed kinetochore-microtubule detachments. Chromosome-spread experiments
showed that depletion of DYNLT3 inhibited the metaphase-anaphase transition by preventing homologous chromosome
segregation in meiosis I. Our data suggest that DYNLT3 is required for chromosome alignment and homologous chromosome
segregation during mouse oocyte meiosis.
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Introduction

In mitotic and meiotic cells, accurate chromosome segregation

ensures proper distribution of genetic material, while errors in

this process will result in aneuploidy and developmental

defects.1,2 Kinetochores are chromosome-associated protein

assemblies that form to mediate force interactions with micro-

tubules, microtubule binding proteins, and additional compo-

nents required for cell cycle regulation.3 An intriguing

component of the more elaborated outer kinetochore is the

cytoplasmic microtubule motor dynein. During the G2/M tran-

sition, dynein becomes released from interphase cargos and

localizes to three loci that are important for mitosis: (1) the cell

cortex, (2) spindle poles, and (3) kinetochores.3 The polar and

cortical localizations of dynein reflect roles in spindle integrity

and spindle positioning.4-6 The kinetochore dynein has been

implicated in microtubule attachment,7,8 chromosome move-

ment,9 and regulation of the spindle assembly checkpoint

(SAC).10 Initial microtubule attachments to kinetochores is

coupled to rapid poleward movement of the mono-oriented

chromosomes.9 More recent studies have found that dynein

could be involved in reorienting tangential attachments to

end-on attachment11; displacement of the motor domain of

dynein from kinetochores destabilized kinetochores, suggest-

ing a potential role for dynein in stabilizing kinetochores.12

Cytoplasmic dynein 1 is a microtubule minus end-directed

motor protein responsible for multiple important mitotic and

meiotic cellular processes. It is a multimeric complex com-

posed of 2 dynein heavy chains, each containing motor

domains that generate the force necessary to move along the

microtubule.13,14 In addition, the cargo binding domain of the

complex consists of 5 subunits that assemble into the com-

plex: the intermediate chain, light intermediate chain, and 6

light chains.15-17 There are 3 different light chain families,

DYNLL (previously called LC8), DYNRB (previously called

roadblock), and DYNLT. DYNLT light chain plays important

roles in multiple cellular events. The DYNLT light chain
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family has 2 members, DYNLT1 (previously called Tctex1)

and DYNLT3 (previously called Rp3).18 DYNLT1 has been

implicated in varied functions including non-Mendedilian

meiotic drive,19 production of functional sperm,20 regular

oscillatory nuclear movement in meiotic prophase in fission

yeast,21 and element direction that contributes to neural stem

progenitor cells in brain.22,23 Besides these functions, the tar-

get protein binding function of DYNLT1 has become a major

research focus. DYNLT1 has been shown to bind many pro-

teins, including Fyn,24 DOC2,25 CD5,26 rhodopsin,27 dynein

intermediate chain,28 Tastin,29 CD155,30 BMPR-II,31

PTHR,32 VP2633 and Lfc,34 and others. Another member of

the DYNLT light chain family, DYNLT3 has been found

to express in all cells and tissues so far18,35; it is also pro-

posed to incorporate into dynein complexes responsible for

binding dynein to specific cargoes. Dynein cargo binding

function is temporally and spatially regulated and can be

mediated by direct protein-protein interaction between cargo

receptor and DYNLT light chains. For example, DYNLT1

and DYNLT3 competitively bind to dynein intermediate

chain.36,37 In addition, DYNLT3 has been shown to interact

with VP26 and Bub3.38-40 However, only Bub3 is the con-

firmed specific DYNLT3 interacting protein. Human

DYNLT1 and DYNLT3 share 55% identity and they exhibit

similar localization to microtubules at mitotic metaphase.38,41

It is further known that both DYNLT1 and DYNLT3 may

interact with other proteins to participate in assembly of

microtubule in mitosis.34,37,38,42

All previous studies on DYNLT light chain have mainly

been focused on its cargo binding function, but its role in mam-

malian meiosis remains unknown. Here, we show the localiza-

tion and expression of DYNLT3 in mammalian oocyte meiotic

maturation. We also explored its potential roles in chromosome

alignment and maintenance of meiosis progression by protein

depletion approach.

Materials and Methods

All chemicals and culture media were purchased from Sigma

Chemical Company (St Louis, Missouri) unless stated

otherwise.

Oocyte Collection and Culture

Care and handing of 4- to 6-week-old ICR mice were con-

ducted in accordance with policies promulgated by the Ethics

Committee of the Institute of Zoology, Chinese Academic of

Sciences. Oocytes were cultured in M2 medium under paraffin

oil at 37�C in a humidified atmosphere of 5% CO2 in air.

Oocytes were collected at different times of culture for immu-

nostaining and Western blotting.

DYNLT3 Plasmid Construction and mRNA Synthesis

Total RNAs were extracted from 150 germinal vesicle (GV)

stage mouse oocytes using RNeasy micro purification

kit (Qiagen). By using cDNA synthesis kit (TaKaRa), we

synthesized total cDNAs from the extracted total RNAs with

poly (dT) as the primers. Then we cloned the full length

DYNLT3 CDS by Nest PCR using 2 pairs of nest primers

(Invitrogen). F1: 50-GGA CTC AGA AAG CCA CCA- 30,
R1: 50-AGA AAG GAT ACA CTC ACA AACT- 30; F2: 50-
TCA GGC CGG CCG ATG GAG GGG TAC CAA CG- 30,
R2: 50-GTT GGC GCG CCC TAC AGG ACA ATC GCA

ACT- 30. Next, the full DYNLT3 CDS was cloned to pCS2þ
vector, which already had a Myc-tag behind the SP6 promoter

for detection of the expressed protein. The Myc-DYNLT3-

pCS2þ plasmid was linearized by endonucleases SalI and

purified by gel extraction kit (Promega). SP6 high-yield

capped RNA transcription kit (Ambion) was used for produc-

ing capped mRNA, and then the mRNA was purified with

RNeasy cleanup kit (Qiagen). The concentration of DYNLT3

mRNA was detected with a Beckman DU 530 Analyzer, and

then diluted to a low concentration (0.4 mg/mL) to localize

the DYNLT3 protein.

Microinjection of Myc-DYNLT3 mRNA or DYNLT3
Antibody

About 5 to 10 pl low concentration DYNLT3 mRNA solution

or mouse monoclonal anti-DYNLT3 antibody (Millipore) was

microinjected into the cytoplasm of a fully grown GV oocyte

using a Nikon Diaphot ECLIPSE TE300 (Nikon UK Ltd.)

inverted microscope equipped with Narishige MM0-202N

hydraulic 3-dimensional micromanipulators (Narishige Inc.).

After microinjection, the oocytes were cultured in fresh M2

medium under paraffin oil at 37�C, in an atmosphere of 5%
CO2 in air. The control oocytes were microinjected with

5 to 10 pl Myc mRNA solution or rabbit immunoglobulin

G (IgG) of the same concentration. Finally, after 8 and 12 hours

of culture, oocyte phenotypes were examined by confocal

microscopy.

Western Blot

Mouse oocytes were collected in SDS sample buffer and

heated for 5 minutes at 100�C. The proteins were separated

by SDS-PAGE and electrically transferred to polyvinylidene

fluoride membrane, and then the membrane was blocked in

TBST containing 5% skimmed milk for 2 hours, followed

by incubation overnight at 4�C with mouse monoclonal

anti-DYNLT3 antibody (1:250, Millipore) and rabbit mono-

clonal anti-b-actin antibody (1:1000, Zhong Shan Jin Qiao

company). After washing 3 times in TBST each for 10 min-

utes, the membrane was incubated for 1 hour at 37�C with

peroxidase-conjugated rabbit anti-mouse IgG (1:1000, Zhong

Shan Jin Qiao Company) and peroxidase-conjugated mouse

anti-rabbit IgG (1:1000, Zhong Shan Jin Qiao Company),

respectively. Finally, the membrane was processed using the

SuperSignal West Femto maximum sensitivity substrate

(Thermo Scientific).
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Chromosome Spread

Oocytes were left in hypotonic sodium citrate (1%, W/V) for

15 minutes at room temperature, and then placed on a glass

slide. About 100 mL methanol: glacial acetic acid (3:1) was

dropped onto the oocyte for fixation. Chromosomes were

stained with PI (10 mg/mL). The specimen was examined with

a Confocal Laser Scanning Microscope (Zeiss LSM 510

META, Germany).

Cold Treatment of Oocytes

DYNLT3 antibody and control IgG injected oocytes were cul-

tured for 8 hours, and then transferred to M2 medium which

was precooled to 4�C and cultured for 10 minutes. After treat-

ment, oocytes were used for immunofluorescent experiments.

Immunofluorescent Staining

For single staining of Myc-DYNLT3 or a-tubulin, oocytes

were fixed with 4% paraformaldehyde in PBS for 30 minutes

at room temperature. Then they were transferred to membrane

permeabilization solution (0.5% Triton X-100) for 20 minutes.

After 1 hour block in blocking buffer (1% BSA-supplemented

PBS), oocytes were incubated overnight at 4�C with FITC-anti-

Myc antibody (1:100, Invitrogen) or anti-a-tubulin-FITC anti-

body (1:200) respectively. After 3 washes in washing buffer

(0.1% Tween 20 and 0.01% Triton X-100 in PBS), the oocytes

were stained with propidium iodide (PI, 10 mg/mL in PBS) for

15 minutes with 1 additional wash in washing buffer.

For double staining of Myc-DYNLT3 and CREST or

a-tubulin and CREST, after staining of Myc-DYNLT3 or

a-tubulin and 3 washes in washing buffer for 5 minutes each,

oocytes were again blocked in blocking buffer for 1 hour at room

temperature, then oocytes were stained with human anti-CREST

antibody (1:50, Fitzgerald) overnight at 4�C. After 3 washes in

washing buffer (0.1% Tween 20 and 0.01% Triton X-100 in

PBS), the oocytes were labeled with CY5-conjugated goat

anti-human IgG (1:100, Jackson ImmunoResearch) for 1 hour

at room temperature. After the oocytes were further washed

3 times in washing buffer (0.1% Tween 20 and 0.01% Triton

X-100 in PBS), they were stained with PI (10 mg/mL in PBS) for

15 minutes with 1 additional wash in washing buffer.

Finally, the oocytes were mounted on glass slides and exam-

ined with a Confocal Laser Scanning Microscope (Zeiss LSM

510 META, Germany).

Statistical Analysis

Data (mean + SEM) were from at least 3 replicates per experi-

ment and analyzed by analysis of variance (ANOVA) using

SPSS software (SPSS Inc, Chicago, Illinois) followed by

student-Newman-Keuls test. The number of oocytes was

labeled in parentheses as (n). Difference at P < .05 was consid-

ered to be statistically significant and different superscripts

indicate the statistical difference.

Results

Localization and Expression of DYNLT3 During Mouse
Oocyte Meiotic Maturation

Due to the lack of availability of antibody for DYNLT3 immu-

nofluorescent staining, we injected a low concentration of

exogenous Myc-DYNLT3 mRNA (0.4 mg/mL, about 5 to

10 pl/oocyte) into GV stage oocytes to determine the subcellular

distribution of DYNLT3 at different meiotic stages. As shown in

Figure 1A, in the GV oocytes, DYNLT3 was mainly concen-

trated in the germinal vesicle. After germinal vesicle breakdown

(GVBD), DYNLT3 accumulated at the kinetochores. By meta-

phase I (MI) and metaphase II (MII), DYNLT3 was still located

at the kinetochores. Colocalization of Myc-DYNLT3 with

CREST (a marker of CENPs at the kinetochores) confirmed the

kinetochore distribution pattern of DYNLT3 (Figure 1C).

We cultured oocytes for 0, 4, 8, 9.5, and 12 hours, the time

points when most oocytes reached GV, prometaphase I (Pro

MI), MI, anaphase-telophase I (ATI), and MII stages, respec-

tively, to examine the expression of DYNLT3 during mouse

oocyte meiotic maturation. The immunoblotting results (Figure

1B) showed that the DYNLT3 expression level was similar at

all meiotic stages.

Depletion of DYNLT3 Affected Chromosome
Alignment and Disrupted the Attachment Between
Microtubules and Chromosomes

To investigate the functional roles of DYNLT3 during mouse

oocyte meiosis, we employed antibody injection to examine its

effect on chromosome alignment at the MI stage. We cultured

the oocytes for 8 hours and then examined chromosome mor-

phology by confocal microscopy. As shown in Figure 2A, the

chromosomes were well-aligned in the control group oocytes

(A1), while a large proportion of the oocytes displayed misa-

ligned chromosomes in the antibody injection group (A2-4).

Compared with the control group (27.0% + 3.1%, n ¼ 169;

Figure 2B), the rate of chromosome misalignment was signifi-

cantly higher in the antibody injection group (53.2% + 4.8%,

n ¼ 168; P < .05).

We further proved that DYNLT3 depletion by antibody

injection disrupts the attachments between microtubules and

chromosomes. As shown in Figure 2C, after cold treatment

oocytes were stained with CREST and a-tubulin. The results

showed that the attachments were disrupted and the spindle

fibers were scattered in the cytoplasm in the DYNLT3-

depleted oocytes.

DYNLT3 Depletion Decreased Polar Body
Extrusion (PBE) and Prevented Homologous
Chromosome Segregation

To further dissect the roles of DYNLT3 during mouse oocyte

meiotic maturation, we examined the effect of DYNLT3 on

polar body extrusion (PBE). With 12 hours of culture, the
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majority of mouse oocytes normally extrude the first polar

body (PB1) and enter the MII stage. So we cultured the oocytes

for 12 hours and then examined the rate of PBE in both control

and DYNLT3-depleted oocytes. As shown in Figure 3A, in the

control group, most of the oocytes extruded PB1 (78.3% +
2.9%, n¼ 149); while in the DYNLT3 antibody injected group,

the PBE rate was significantly lower (56.5% + 5.6%, n¼ 189;

P < .05). Decrease of the PBE rate in DYNLT3 depleted

oocytes indicated failure of metaphase I to anaphase I (MI-AI)

transition.

To examine the details of homologous chromosomes during

the delayed MI-AI transition, we further employed chromo-

some spread experiments. A typical bivalent shape displayed

nondisjunctioned homologous chromosomes which were con-

nected through arm regions. As shown in Figure 3B, after

12 hours of culture, the control antibody injected oocytes with

PBE displayed normal 20 univalents sister chromatids.

Figure 1. Localization and expression of DYNLT3 during mouse
oocyte meiotic maturation. A, Localization of Myc-DYNLT3
revealed by immunofluorescent staining. In the germinal vesicle
(GV) stage, Myc-DYNLT3 was mainly distributed in the GV.
After germinal vesicle breakdown (GVBD), MI, and MII stages,
Myc-DYNLT3 accumulated at the kinetochores of chromosomes.
Green, Myc-DYNLT3; red, chromosomes. B, Expression of
DYNLT3 was measured by Western blotting. Samples were col-
lected after culture for 0, 4, 8, 9.5, and 12 hours, the time points
when most oocytes reached the GV, Pro MI, MI, ATI, and MII
stages, respectively. The molecular mass of DYNLT3 and b-actin
were 13 kDa and 42 kDa, respectively. Each sample was collected
from 280 oocytes. C, Colocalization of Myc-DYNLT3 with CREST at
the kinetochores of metaphase chromosomes. Green, Myc-DYNLT3;
purple, CREST; red, chromosomes. Arrows indicate first polar body.
Bar ¼ 20 mm.

Figure 2. Effects of DYNLT3 depletion on homologous chromo-
some alignment and attachment of microtubules and chromosomes.
A, MI spindle morphology and homologous chromosome alignment
after microinjection of control immunoglobulin G (IgG) and
DYNLT3 antibody in mouse oocytes. In the control IgG injection
group, most oocytes showed normal chromosome alignment (A1),
while in the antibody injection group, a large proportion of oocytes
showed chromosome alignment disruption (A2-4). Green, a-tubulin;
red, chromosomes. B, Rates of misaligned chromosomes in the
control IgG and DYNLT3 antibody injection groups. Data are
expressed as mean + SEM of at least 3 repeated experiments and
different letters indicate statistically significant difference (P < .05). C,
Oocytes of the control IgG and DYNLT3 antibody injection group
were cultured for 8 hours followed by cold treatment for 10 minutes
in M2 medium which was precooled to 4�C. Then the oocytes were
processed with immunostaining of a-tubulin and CREST. Magnifica-
tion of the boxed region shows intact attachment between kineto-
chores and microtubules. Green, a-tubulin; purple, CREST; red,
chromosomes. Bar ¼ 20 mm.
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However, in the DYNLT3 antibody-injected group, the oocytes

whose MI-AI transition was inhibited displayed 20 bivalents,

without any univalent. These results imply that depletion of

DYNLT3 resulted in failure of MI-AI transion in mouse oocyte

meiosis by preventing homologous chromosome segregation,

but it did not cause aneuploidy.

Discussion

In this study, we have shown the localization, expression, and

potential functions of DYNLT3 during mouse oocyte meiotic

maturation. We demonstrated that dynein light chain DYNLT3

was required for chromosome alignment and meiotic matura-

tion progression.

In mitosis, immunofluorescence microscopy studies with

dynein antibodies demonstrated that dynein localized initially

to kinetochores during prometaphase.7 A later study reported

that dynein light chain DYNLT3 was localized to kinetochores

at prometaphase and spindle microtubules at metaphase in

human mitosis.38 DYNLT3 exhibited 86% sequence identity

in mouse and human cells, which indicates that it may share

some functions in mouse cells. In our study, we showed some

similar results in oocyte meiosis. In the GV stage, DYNLT3

was restricted to the nucleus, and then concentrated at kineto-

chores in oocytes at GVBD, MI, and MII stages (Figure 1A).

The distribution pattern of DYNLT3 at kinetochores was con-

firmed by colocalization of DYNLT3 and CREST (Figure 1C).

Different from human mitosis, we did not detect any signal at

spindle microtubules at MI, indicating that it may play a differ-

ent role in meiotic metaphase. We inferred that DYNLT3 may

play a potential role in kinetochore and microtubule attachment

but not spindle assembly during oocyte meiosis.

We further blocked DYNLT3 function by antibody injection

to analyze the effects of DYNLT3 on meiotic progression.

Depletion of DYNLT3 caused severe chromosome

misalignment at the MI stage (Figure 2A). Chromosomes had

escaped from the spindle which indicated that microtubules

may have lost attachments to kinetochores. We employed cold

treatment and stained a-tubulin and CREST to examine the

attachments between kinetochores and microtubules. Our

results showed that DYNLT3 depletion caused detachment

between kinetochores and microtubules, suggesting it could

interact with microtubules (Figure 2C). It has been shown that

dynein accumulates at kinetochores prior to microtubule

attachment and is involved in the initial interactions with

microtubules, which contributed to chromosome poleward

movement.8,9,12 The interaction of dynein with microtubules

is well-established generally and in the early stages of

mitosis.43 When dynein is inhibited prior to microtubule

attachment, congression defects and prometaphase arrest are

observed.44 In contrast, when dynein is inhibited during prome-

taphase, chromosomes approach the metaphase plate nor-

mally.4 These results suggested that dynein plays a role in

mitotic microtubule attachment. In addition, DYNLT3 is

directly linked to SAC protein Bub3 in mitosis, suggesting that

DYNLT3 together with Bub3 is involved in the formation of

stable bipolar kinetochore attachments to microtubules.38 In

our study, DYNLT3 localized to kinetochores and depletion

of DYNLT3 resulted in detachment of kinetochores and micro-

tubules, suggesting that, as a component of dynein, DYNLT3

may interact with microtubules and may regulate dynein func-

tion in chromosome movement. Depletion of DYNLT3 dis-

rupted kinetochore and microtubule attachments and may

subsequently cause chromosome misalignment.

Furthermore, compared with the control IgG-injected

oocytes, a lower proportion of DYNLT3 antibody-injected

oocytes extruded PB1 after 12 hours of culture, indicating that

oocytes failed to complete the normal meiosis progression in the

DYNLT3 depletion group (Figure 3A). Chromosome-spread

experiments further revealed that the homologous chromosomes

failed to segregate and the oocytes were held at the MI stage

(Figure 3B). Mouse oocytes were not able to progress through

the MI stage until all chromosomes had established proper

attachments to spindle microtubules and aligned at the meta-

phase plate.45 The SAC was a surveillance mechanism that pre-

vented chromosome mis-segregation by delaying the MI-AI

transition. In our previous study, we found that SAC proteins,

such as Bub3 and BubR1, localized to unattached kinetochores

during prometaphase. Activation of SAC could result in failure

of the MI-AI transition.46,47 Once the last chromosome achieves

proper bipolar attachment to the spindle, SAC is turned off,

which is also known as SAC silencing. Mechanistically, the

metaphase arrest phenotype reflects the inability of dynein to

transport the anaphase inhibitor SAC away from kinetochores.48

In this study, we have found that depletion of DYNLT3 caused

detachment between microtubules and kinetochores. As a mem-

ber of dynein light chain DYNLT family, DYNLT3 has been

shown to link dynein to specific SAC Bub3 in human mitosis.38

So we inferred that DYNLT3 deletion may result in failure of

SAC transport from kinetochores, which led to MI arrest. How-

ever, further clarification is needed. The relationship between

Figure 3. Effects of DYNLT3 depletion on meiotic cell cycle pro-
gression in mouse oocyte meiosis. A, Rates of polar body extrusion in
the control immunoglobulin G (IgG) and DYNLT3 antibody injection
groups after 12 hours of culture. Data are expressed as mean + SEM
of at least 3 repeated experiments and different letters indicate sta-
tistically significant difference (P < .05). B, Oocytes of control IgG and
DYNLT3 antibody injection groups were cultured for 12 hours, fol-
lowed by chromosome-spread experiments. Magnification of the
boxed region shows segregated chromosomes (univalent) and unse-
gregated chromosomes (bivalent) in the control IgG and DYNLT3
antibody injection group, respectively. PB1 indicates first polar body.
Bar ¼ 20 mm.
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DYNLT3 and SAC could be the next step to clarify DYNLT3

function in oocyte meiosis.

In conclusion, our data demonstrate that DYNLT3 localizes

to kinetochores and participates in chromosome alignment by

interacting with microtubules. Depletion of DYNLT3 impairs

meiosis consistency and causes MI arrest, indicating its possi-

ble role in meiotic cell cycle progression.
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