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ABSTRACT How murine leukemia virus (MLV) travels from the cell membrane to the
nucleus and the mechanism for nuclear entry of MLV DNA in dividing cells still re-
main unclear. It seems likely that the MLV preintegration complex (PIC) interacts
with cellular proteins to perform these tasks. We recently published that the micro-
tubule motor cytoplasmic dynein complex and its regulator proteins interact with
the MLV PIC at early times of infection, suggesting a functional interaction between
the incoming viral particles, the dynein complex, and dynein regulators. To better
understand the role of the dynein complex in MLV infection, we performed short
hairpin RNA (shRNA) screening of the dynein light chains on MLV infection. We
found that silencing of a specific light chain of the cytoplasmic dynein complex,
DYNLRB2, reduced the efficiency of infection by MLV reporter viruses without affect-
ing HIV-1 infection. Furthermore, the overexpression of DYNLRB2 increased infection
by MLV. We conclude that the DYNLRB2 light chain of the cytoplasmic dynein com-
plex is an important and specific piece of the host machinery needed for MLV infec-
tion.

IMPORTANCE Retroviruses must reach the chromatin of their host to integrate their
viral DNA, but first they must get into the nucleus. The cytoplasm is a crowded envi-
ronment in which simple diffusion is slow, and thus viruses utilize retrograde trans-
port along the microtubule network, mediated by the dynein complex. Different vi-
ruses use different components of this multisubunit complex. We have found that
murine leukemia virus (MLV) associates functionally and specifically with the dynein
light chain DYNLRB2, which is required for infection. Our study provides more in-
sight into the molecular requirements for retrograde transport of the MLV preinte-
gration complex and demonstrates, for the first time, a role for DYNLRB2 in viral in-
fection.
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During early steps of infection, retroviruses must reach the nucleus, cross the
nuclear membrane, and access the host cell genome. The cytoplasm is extremely

crowded, and simple diffusion is predicted to be too slow to explain the kinetics of virus
infection (1). Many retroviruses are actively transported along microtubules (2–4) to
move through the cytoplasm and reach the nucleus, and the microtubule retrograde
transport complex dynein has been shown to have an important role in trafficking and
infection for several viral families (2, 5–16).

Murine leukemia virus (MLV) belongs to the Gammaretrovirus genus, whose mem-
bers are strongly dependent on cell division to gain entry into the nucleus. These
viruses do not have the ability to cross the nuclear membrane of nondividing cells and
rather must wait for nuclear membrane breakdown to occur during mitosis to access
host chromatin. Several screens have revealed that cytoskeleton-associated proteins
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are important in different stages of retrovirus replication (8, 17). Following that line, we
identified dynein and its regulators as important parts of the host cell machinery
required for MLV infection (16), with the dynein regulators seeming to be essential for
a step before nuclear entry but after reverse transcription. We also reported that the
dynein intermediate chain is important for MLV infection, since its knockdown signif-
icantly reduced MLV infection.

Dynein, the motor associated with microtubule minus-end transport, is a multisub-
unit complex composed of two copies of the heavy chain (DYNC1H1), two intermediate
chains (DYNC1I1/2), two light-intermediate chains (DYNC1LI1/2), and two copies of
three different light chains (DYNLT1/3, DYNLRB1/2, and DYNLL1/2). Heavy chains are
the ATPase motors that bind to microtubules and generate the mechanical force for
movement, while the other subunits acts as regulators and adaptors to different
cargoes (reviewed in reference 18). The intermediate chain mediates not only cargo
association with the dynein complex but also the association of the light-intermediate
and light chains with the heavy chain. Some retroviruses, such as bovine immunode-
ficiency virus (BIV), Mason-Pfizer monkey virus (MPMV), prototype foamy virus (PFV),
and human immunodeficiency virus type 1 (HIV-1), interact directly with the cytoplas-
mic dynein light chains for their retrograde transport (13, 15, 19–21). Thus, the
association of retroviruses with dynein light chains seems to be a common mechanism.
We hypothesized that MLV uses the same mechanism, associating functionally with a
specific dynein light chain. To probe this, we performed a short hairpin RNA (shRNA)
screening of the dynein light chains and found that MLV indeed follows the line of
other retroviruses and functionally associates with dynein light chains. Unlike other
viruses, though, MLV specifically requires the DYNLRB2 chain of the dynein complex.
Therefore, although the retrograde movements of retroviruses or any virus use a
common mechanism, association with the dynein complex, each particular virus ap-
parently uses a specific dynein chain.

RESULTS

We recently demonstrated that the MLV preintegration complex (PIC) associates
with dynein and dynein regulators (16); specifically, the dynein intermediate chain
DYNC1I2 is required for MLV infection. The dynein intermediate chain is not only
important for cargo binding but also essential for the association of dynein light chains
with the complex (22). Considering that dynein light chains have an important role in
MPMV, BIV, PFV, and HIV-1 infections (9, 13, 15, 21), we decided to explore the possible
role of the different light chains of cytoplasmic dynein in the early events of MLV
infection. We generated stable knockdown (KD) cells by using shRNAs against each
dynein light chain and then challenged the cells with MLV reporter viruses. The dynein
light chains are essential for cell survival, as they have important roles in the mainte-
nance of the cytoskeleton, organelle positioning, and cell division (reviewed in refer-
ences 22 and 23). For this reason, we selected for cells that produced sufficient
quantities of these proteins to survive and function in the long term but had reduced
mRNA levels compared to those in nonsilenced stable cell lines.

KD of DYNLL1 (Fig. 1A, gray bars) did not have a significant effect on ecotropic MLV
infection (Fig. 1B; also see Fig. 3D). Similarly, KD of DYNLL2 (Fig. 1A, black bar) did not
affect MLV infection (Fig. 1C; also see 3D). These results indicate that neither DYNLL1
nor DYNLL2 is required for MLV infection.

KD of DYNLT1 (Fig. 2A, gray bar) did not affect MLV infection (Fig. 2B), and KD of
DYNLT3 (Fig. 2A, black bars) also showed no difference in MLV infection compared to
that of the nonsilenced cell line (Fig. 2C). The overall infection of MLV in DYNLT1 or
DYNLT3 KD cells was not significantly different from that in the nonsilenced cell line
(Fig. 3D). Therefore, the DYNLT chains are not required for MLV infection.

Strikingly, when DYNLRB1 KD cells (Fig. 3A, gray bars) were infected, we observed a
much higher infection level than that with nonsilenced cells (Fig. 3B), with up to a
2.5-fold increase (Fig. 3D). In contrast, knockdown of DYNLRB2 (Fig. 3A, black bars)
significantly reduced MLV infection (Fig. 3C and D). These results point to the possibility
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that the DYNLRB1 KD cells were compensating for the lack of DYNLRB1 by increasing
the level of DYNLRB2. In fact, we observed that DYNLRB2 mRNA was increased
�2.5-fold in the DYNLRB1 KD cells (Fig. 3E). To verify that the overexpression of
DYNLRB2 was the cause of increased infection and to discard an off-target effect of the

FIG 1 Cytoplasmic dynein light chains DYNLLs do not participate in MLV infection. (A) DYNLL1 and
DYNLL2 mRNA levels in cells engineered by DYNLL1 or DYNLL2 KD were determined by quantitative PCR.
The values were normalized to CypA mRNA and expressed relative to the nonsilenced control level. (B)
Control and DYNLL1 KD cells were challenged with increasing amounts of an ecotropic MLV luciferase
reporter virus. (C) Control and DYNLL2 KD cells were challenged with increasing amounts of an ecotropic
MLV luciferase reporter virus. Forty-eight hours after infection, luciferase activity was measured. Data
from one representative of three independent experiments are shown. Error bars indicate standard
deviations between triplicates in the same experiment.
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shRNAs, we transfected the control nonsilenced and DYNLRB2 KD cells with a
hemagglutinin-DYNLRB2 (HA-DYNLRB2)-expressing construct. The overexpression of
DYNLRB2 in the nonsilenced cells robustly increased infection by MLV (Fig. 3F, blue
bars); strikingly, not only were the DYNLRB2 KD cells infected by MLV, but the level of
infection went above the levels in the nonsilenced cell line transfected with the empty
vector, despite the fact that HA-DYNLRB2 was also a target of the shRNAs. Altogether,
these results demonstrate that DYNLRB2 is an important cellular factor for MLV
infection.

In order to exclude the possibility that the reduced infection of MLV upon KD of
DYNLRB2 was due to a broader effect on the cells, we analyzed the localization and
dynamics of lysosomes, which are affected when dynein activity is inhibited (12). We

FIG 2 Cytoplasmic dynein light chains DYNTs are not required for MLV infection. (A) DYNLT1 and DYNLT3
mRNA levels in cells engineered by DYNLT1 or DYNLT3 KD were determined by quantitative PCR. The
values were normalized to CypA mRNA and expressed relative to the nonsilenced control level. (B)
Control and DYNLT1 KD cells were challenged with increasing amounts of an ecotropic MLV luciferase
reporter virus. (C) Control and DYNLT3 KD cells were challenged with increasing amounts of an ecotropic
MLV luciferase reporter virus. Forty-eight hours after infection, luciferase activity was measured. Data
from one representative of three independent experiments are shown. Error bars indicate standard
deviations between triplicates in the same experiment.
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FIG 3 Cytoplasmic dynein light chain DYNLRB2 is required for MLV infection. (A) DYNLRB1 and DYNLRB2 mRNA
levels in cells engineered by DYNLRB1 or DYNLRB2 KD were determined by quantitative PCR. The values were
normalized to CypA mRNA and expressed relative to the nonsilenced control level. (B) Control and DYNLRB1 KD
cells were challenged with increasing amounts of an ecotropic MLV luciferase reporter virus. (C) Control and
DYNLRB2 KD cells were challenged with increasing amounts of an ecotropic MLV luciferase reporter virus.
Forty-eight hours after infection, luciferase activity was measured. Data from one representative of three inde-
pendent experiments are shown. Error bars indicate standard deviations between triplicates in the same experi-
ment. (D) Relative infection levels of the ecotropic MLV luciferase reporter virus in DYNLL1, DYNLL2, DYNLT1,
DYNLT3, DYNLRB1, and DYNLRB2 KD cells compared to that in nonsilenced control cells. Error bars represent the
standard deviations among the 3 independent experiments. N.S., not significant; ***, P � 0.001. (E) DYNLRB2 mRNA
levels in cells engineered by DYNLRB1 KD were determined by quantitative PCR. The values were normalized to
CypA mRNA and expressed relative to the nonsilenced control level. (F) Nonsilenced control cells and DYNLRB2 KD
cells were transfected with a plasmid encoding HA-DYNLRB2 or with empty vector, and 24 h later they were
challenged with a single dose of ecotropic MLV luciferase reporter virus. Forty-eight hours after infection, luciferase
activity was measured. Data from one representative of three independent experiments are shown. Error bars
indicate standard deviations between triplicates in the same experiment. The presence of HA-DYNLRB2 was
determined by Western blotting, using tubulin as a loading control. *, P � 0.05; ***, P � 0.001.
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observed that both lysosomal localization (Fig. 4A) and dynamics (Fig. 4B) were similar
among nonsilenced and DYNLRB2 KD cells. We also determined the duplication times
of the nonsilenced and DYNLRB2 KD cells. We found that the duplication rate over a
48-h period for the nonsilenced cells (1.37 � 0.21) did not differ from that for the
DYNLRB2 KD cells (1.25 � 0.12 and 1.3 � 0.24 for shRNA1 and shRNA2, respectively).
These results indicate that the general health of the DYNLRB2 KD cells was similar to
that of the nonsilenced cells.

We previously showed that dynactin components have a differential effect on the
different tropisms of MLV: ecotropic MLV strongly requires them, while amphotropic
MLV only mildly requires them (16). Therefore, we tested if infections by amphotropic
and vesicular stomatitis virus glycoprotein G (VSV-G)-pseudotyped MLV strains were or
were not reduced in DYNLRB2 KD cells. We observed that infections by the ampho-
tropic (Fig. 5A) and VSV-G-pseudotyped (Fig. 5B) MLVs tested were reduced in DYNLRB2
KD cells. In order to test if the dependence on DYNLRB2 was particular to MLV, we also
challenged the DYNLRB2 KD cells with an ecotropic version of HIV-1 (Eco-HIV), and we
observed that infections by Eco-HIV proceeded similarly in both nonsilenced and
DYNLRB2 KD cells. This result confirms that the general health of cells is not affected
upon DYNLRB2 KD and indicates that DYNLRB2 is essential for MLV infection but not for
HIV-1 infection.

DISCUSSION

Our study provides new insight into the requirements for retrograde transport of the
MLV preintegration complex and demonstrates, for the first time, a role for DYNLRB2 in
viral infection. We previously showed that the intermediate chain DYNC1I2 of the
dynein complex associates with the MLV PIC and that KD of DYNC1I2 in NIH 3T3 cells
reduces infection by MLV (16). This phenotype may be associated directly with a lack
of interaction between MLV and the dynein intermediate chain, with the reduced
association of other important factors, such as p50 or NudEL, with the dynein complex,
or with a reduced association of other dynein chains with the dynein complex. We
tested the last possibility based on the facts that the dynein intermediate chain, besides
its cargo binding function, is the anchor for the light-intermediate and light chains of
the dynein complex (reviewed in references 22 and 24) and that several viruses,
including retroviruses, associate with dynein light chains (reviewed in reference 25).

FIG 4 Lysosomal localization and dynamics are not affected by DYNLRB2 KD. Control and DYNLRB2 KD cells were
incubated with LysoTracker. (A) Localization of lysosomes. (B) Dynamics of lysosomes. Lysosomes (purple circles)
and lysosome trajectories (yellow tracks) were identified by LoG Detector and Simple LAP Tracker, respectively. The
mean (� standard deviation) lysosome speed was calculated from 3 independent experiments and is shown in
micrometers per second. Bar, 10 �m.
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Our main candidates were the DYNLL1/2 proteins. DYNLL or LC8 has been involved
in foamy virus association with centrosomes, mediated by a direct interaction between
Gag and DYNLL (13). By use of a Saccharomyces cerevisiae model, it has been shown
that HIV-1 IN associates with Dyn2p, a DYNLL ortholog (21), and a functional interaction
between DYNLL1 and HIV-1 has also been demonstrated (9). In the case of BIV, DYNLL
interacts directly with the CA proteins, and this interaction mediates retrograde trans-
port of the incoming virus (15). Moreover, DYNLL binding motifs have been found in
several viral proteins (26). Unlike what we expected, neither KD of DYNLL1 nor that of
DYNLL2 affected MLV infection, demonstrating that the DYNLL proteins are not re-
quired for MLV infection.

The next candidates were the DYNLT1/3 proteins. DYNLTs have also been associated
with infections by several viruses, such as human papillomavirus (14), flavivirus (27), and
retroviruses. Mason-Pfizer monkey virus requires DYNLT1 for the localization of viral
proteins to assembly sites (19), and the nuclear localization of the HIV-1 accessory gene
vpr is dependent on its interaction with DYNLT1 (20). Although we observed a small
reduction of MLV infection in DYNLT1 and DYNLT3 KD cells, this was not significant,
indicating that like DYNLLs, DYNLTs do not play an important role in MLV infection.

FIG 5 MLV infection requires DYNLRB2 independently of the entry pathway. (A and B) Control and
DYNLRB2 KD cells were challenged, in parallel, with increasing amounts of an amphotropic (A) or
VSV-G-pseudotyped (B) MLV luciferase reporter virus. (C) Control and DYNLRB2 KD cells were challenged
with increasing amounts of an ecotropic pseudotyped HIV-1 luciferase reporter virus. Forty-eight hours
after infection, luciferase activity was measured. Data from one representative of four independent
experiments are shown. Error bars indicate standard deviations between triplicates in the same
experiment.
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Unexpectedly, DYNLRB2 is the light chain required for MLV infection. KD of DYNLRB2
reduces MLV infection, while increased expression of DYNLRB2 increases the level of
infection. Until now, the association (functional or physical) between dynein light
chains and viruses was restricted to the DYNLL and DYNLT chains. Therefore, this is the
first report describing a function for DYNLRBs in viral infection. We thought that, as with
the other light chains, it would be possible to demonstrate a direct interaction between
DYNLRB2 and viral proteins, but after several attempts using recombinant p12, CA, IN,
and DYNLRB2 produced in bacteria or p12, CA, and IN from bacteria and DYNLRB2
produced in eukaryotic cells, we have not been able to observe such an interaction. It
is possible that DYNLRB2 does not interact directly with those proteins and rather
associates with the PIC or with one of those proteins in the context of the PIC. It is also
possible that another protein associated with DYNLRB2 is the link between the MLV
PIC and the dynein complex. Regardless of the lack of evidence for a physical interac-
tion between DYNLRB2 and MLV proteins, a functional association between MLV and
DYNLRB2 is in line with the idea that each particular virus requires a particular
component of the dynein complex.

The requirement of DYNLRB2 for MLV infection was independent of the enve-
lope used in the assays. This is different from what we previously observed for
dynein regulators (16) and indicates that the functional association between MLV
and DYNLRB2 is important in a step after the exit of the incoming particle from the
endocytosed vesicle. Importantly, this is not a general effect on the cell, as otherwise
we would have observed an alteration in the localization and dynamics of lysosomes
and a reduction in HIV-1 infection, and that was not the case. The last observation also
suggests that DYNLRB2 might be used only for gammaretroviruses, if not exclusively
for MLV.

Since MLV requires the breakdown of the nuclear envelope for nuclear entry,
DYNLRB2 might help to bring the PIC into close proximity with the nucleus and to
associate it with mitotic chromosomes. We are currently testing if that is the case.

This study provides new insight into the cellular requirements of MLV infection and
demonstrates a role for DYNLRB2 in viral infection.

MATERIALS AND METHODS
Cell lines. Human embryonic fibroblasts (293T) and mouse fibroblasts (NIH 3T3) were maintained in

Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum, 100 IU/ml
penicillin, and 100 mg/ml streptomycin. All cells were cultured at 37°C in 5% CO2.

Plasmids. Plasmid DNAs were as follows. pCMVI expresses gag and pol from NB-MLV. pHit123
expresses the ecotropic envelope of MLV. pHit456 expresses the amphotropic envelope of MLV. pFBLuc
(Stratagene) is a reporter plasmid containing the firefly luciferase coding sequence flanked by MLV-based
long terminal repeats (LTRs). p8.91 carries gag and pol of HIV-1. pMD.G expresses the vesicular
stomatitis virus envelope glycoprotein. pNCS contains the full-length Moloney murine leukemia virus.
pNL43lucΔenv encodes an envelope-deficient HIV-1 strain with a luciferase reporter gene. pCMVHA-
DYNLRB2 expresses the mouse DYNLRB2 protein fused to an HA epitope.

Generation of stable cell lines. Lentiviruses for transduction were produced by transfection of 293T
cells with a mixture of the following plasmid DNAs: 1 �g pMD.G, 1 �g p8.91, and 1.5 �g of pGIPz,
pGIPzDYNLL1 (containing shRNAs 1 to 3), pGIPzDYNLL2 (containing shRNA 1), pGIPzDYNLT1 (containing
shRNA 1), pGIPzDYNLT3 (containing shRNAs 1 to 3), pGIPzDYNLRB1 (containing shRNAs 1 and 2), or
pGIPzDYNLRB2 (containing shRNAs 1 and 2) (Open Biosystems). Viruses were harvested 48 h after
infection, filtered (0.45 �m), and used to infect 5 � 104 NIH 3T3 cells in 35-mm dishes in the presence
of 8 �g/ml Polybrene. Cells were selected in 1 �g/ml puromycin.

Analysis of knockdown. Cells were harvested, and total RNA was extracted using TRIzol reagent
(Invitrogen). Two micrograms of total RNA per cell line was used in reverse transcription reaction
mixtures to produce cDNAs by use of random hexamers and an Affinity Script qPCR cDNA synthesis kit
(Agilent Technologies). Two microliters of each cDNA was used for qPCR analysis of DYNLL1, DYNLL2,
DYNLT1, DYNLT3, DYNLRB1, DYNLRB2, and CypA transcript levels. Fold changes were calculated using
the relative standard curve method.

Single-cycle infectivity assay. NB luciferase reporter viruses were produced by transfection of 293T
cells with 10 �g pCMVI, 10 �g pHIT123, pHIT456, or pMDG, and 20 �g pFBluc (per 100-mm plate) by use
of calcium phosphate. An ecotropic HIV-1 reporter virus was produced by transfection of 293T cells with
10 �g pHIT123 and 20 �g pNL43-lucΔenv. Reporter virus stocks were harvested 48 h after transfection,
filtered (0.45 �m), and stored at �80°C. NIH 3T3 cells (2.5 � 104 per well) were seeded in 24-well plates
and infected with MLV luciferase reporter viruses. At 48 h postinfection, cells were collected and assayed
for firefly luciferase activity (Promega) in a luminometer. For the phenotype recovery assay, DYNLRB2 KD
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cells (2.5 � 104 per well) were seeded in 12-well plates and transfected with 0.25 �g of pCMVHA or
pCMVHA-DYNLRB2, and 24 h after transfection the cells were infected as described above.

Western blotting. Cells were lysed in reporter lysis buffer (Promega). Samples were then boiled in
5� sodium dodecyl sulfate (SDS) loading buffer, and the proteins were resolved in a Novex 16% Tricine
protein gel (Thermo Fisher). After transfer to nitrocellulose membranes, the blots were probed with
mouse anti-HA (clone 16B12; Covance) and mouse anti-tubulin (Sigma). Secondary antibodies conju-
gated to horseradish peroxidase (HRP) and enhanced chemiluminescence (ECL) reagents were used for
development.

Lysosomal localization and dynamics. NIH 3T3 nonsilenced and DYNLRB2-silenced cells were
incubated with LysoTracker in DMEM with 10 mM HEPES for 5 min at 37°C. After incubation, fresh red
phenol-free DMEM with 10 mM HEPES was added, and lysosomal localization and dynamics were
recorded by time-lapse imaging at 37°C. Images were acquired with a Leica DMIL microscope mounted
with a Leica DFC3000G monochrome camera, using LASX Leica software. Images were analyzed with
ImageJ (Fiji) running the TrackMate (v2.8.1) plug-in.

Statistical analysis. All statistical analyses were performed using one-way analysis of variance
(ANOVA) with a 95% confidence level in GraphPad Prism.
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