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Dual mechanisms regulate the
nucleocytoplasmic localization of
human DDX6
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Published: 20 February 2017 - PDXG.'S a conserv_ed DEAD-box protein (DBP) that plays cent.ral rolesin cytop_lasmlc RNA r_egulatlon,

. including processing body (P-body) assembly, mRNA decapping, and translational repression. Beyond
its cytoplasmic functions, DDX6 may also have nuclear functions because its orthologues are known to
localize to nuclei in several biological contexts. However, it is unclear whether DDX6 is generally present
in human cell nuclei, and the molecular mechanism underlying DDX6 subcellular distribution remains
elusive. In this study, we showed that DDX6 is commonly present in the nuclei of human-derived cells.
Our structural and molecular analyses deviate from the current model that the shuttling of DDX6 is
. directly mediated by the canonical nuclear localization signal (NLS) and nuclear export signal (NES),

. which are recognized and transported by Importin-o/3 and CRM1, respectively. Instead, we show

: that DDX6 can be transported by 4E-T in a piggyback manner. Furthermore, we provide evidence for

: anovel nuclear targeting mechanism in which DDX6 enters the newly formed nuclei by “hitch-hiking”
on mitotic chromosomes with its C-terminal domain during M phase progression. Together, our results
indicate that the nucleocytoplasmic localization of DDX6 is regulated by these dual mechanisms.

. The DDX6 protein family is evolutionarily and functionally conserved among eukaryotes%. DDX6 homo-
. logues share a high degree of peptide sequence similarity within the helicase core!?, indicating conservation at
© the structural, interactional, and functional levels. Structurally, DDX6 proteins are composed of two RecA-like
. domains, which contain helicase motifs that are crucial to the ATPase and RNA-binding activities". At the
interaction level, DDX6 homologues interact with multiple post-transcriptional regulators, including the
© miRNA-induced silencing complex (miRISC)*-®, the PATL1-LSM,_, complex’~?, and the decapping complex®1°.
. Functionally, DDX6 homologues are required for efficient gene silencing downstream of multiple pathways,
. including miRNA-mediated*® and AU-rich element-dependent gene silencing!'2. Previous research has also
. demonstrated that DDX6 homologues can facilitate both general and targeted mRNA decay via the decapping
. pathway'*-17. In the absence of active decapping machinery, DDX6 homologues can still silence protein expres-
. sion through translational repression'. Moreover, DDX6 deregulation can alter translational status in various
biological contexts®'8. At the cellular level, silenced RNA, translational repressors, and decay factors can assemble
into P-bodies as a consequence of gene silencing'®. P-body assembly and maintenance strictly depend on DDX6
even under arsenite-induced stress?, reflecting the central role of DDX6 post-transcriptional regulation.

DDX6 has known functions in the cytoplasm, but there is also evidence from various model organisms indi-
cating that DDX6 homologues have functions in the nucleus beyond their role in cytoplasmic mRNA silencing.
In the yeast Saccharomyces cerevisiae, Dhh1 associates with RNA polymerase I and can affect transcription®-?.

* In the planarian Dugesia japonica, DjCBC-1 is present in the nuclei of neoblasts?. In Xenopus laevis, Xp54 is

. present in the nuclei of early oocytes®. In Rattus norvegicus, DDX6 is also observed in the nuclei of Leydig cells?.

. In human cells, DDX6 was detected in the nuclear extracts of MKN45 gastric cancer cells by western blot (WB)?
and in the nuclei of Dystrophia myotonica (DM)-affected fibroblasts by immunofluorescence (IF)?”. However, it is
unclear whether the nuclear presence of DDXG6 is restricted to specific cells, namely the MKN45 and DM-affected
cells, and the nuclear functions for DDX6 homologues are still undetermined.

: Moreover, the mechanism underlying DDX6 subcellular distribution remains elusive. A previous study has

© proposed that vertebrate DDX6 homologues use a lysine/arginine-rich nuclear localization signal (K/R-rich NLS;

!Department of Life Science, College of Life Science, National Taiwan University, Taipei 10617, Taiwan. 2School of

Medicine, College of Medicine, Fu Jen Catholic University, New Taipei 24205, Taiwan. 3Center for Systems Biology,
. National Taiwan University, Taipei 10617, Taiwan. Correspondence and requests for materials should be addressed
© to C.-Y.C (email: cychu@ntu.edu.tw)

SCIENTIFICREPORTS | 7:42853 | DOI: 10.1038/srep42853 1


mailto:cychu@ntu.edu.tw

www.nature.com/scientificreports/

referred to as the putative NLS) and a leucine-rich nuclear export signal (L-rich NES; referred to as the putative
NES) for nucleocytoplasmic shuttling"*. To our knowledge, there is currently no experimental evidence sup-
porting the functionality of the putative NLS. Furthermore, the evidence for the putative NES is unconvincing;
there are conflicting data in the current literature. The original study on shuttling behaviour demonstrated that
the N-terminal 1-164 segment of Xp54, harbouring both the putative NLS and NES, can shuttle nucleocytoplas-
mically?*. However, the same study also reported that the distribution of over-expressed full length (FL) Xp54 is
restricted to the cytoplasm and is insensitive to leptomycin B (LMB)?, a potent and irreversible inhibitor for the
CRM1 protein. Other studies have also shown that DDXG6 is insensitive to LMB treatment®®-*, and one recent
study has reported decreased DDXG6 levels in cytoplasmic extracts following LMB treatment®®. Because the sub-
cellular distribution and its underlying mechanisms can affect the functions of cellular protein, these conflicts and
discrepancies limit our understanding of nuclear DDX6.

In this study, we examined the nuclear presence of DDX6, assessed its interaction with nuclear IncRNA, and
dissected the mechanism controlling the subcellular distribution of DDX6. We show that DDXG6 is present in the
nuclei of human cell models and interacts with nuclear IncRNA MALAT1. Our subcellular distribution results
stand in contrast to the existing nucleocytoplasmic shuttling model. We show that the putative NES is masked
by protein folding, resulting in its inaccessibility to CRM1, the mediator protein for the L-rich NES-dependent
export. We also provide the first experimental evidence to clarify the validity of the putative NLS. Alternatively, we
demonstrate that the DDX6 C-terminal domain (CTD) can facilitate nuclear localization through “hitch-hiking”
on mitotic chromosomes. Interestingly, with the overexpression of EIF4E nuclear import factor 1/transporter
(EIF4ENIF1/4E-T), a protein-protein interacting partner of DDX6, DDX6 can also be distributed throughout the
nucleus and cytoplasm in a shuttling-dependent manner. Collectively, our results support parallel mechanisms
for the nucleocytoplasmic distribution of DDX6 in dividing cells, and provide insights into the co-operating
mechanisms for the nuclear shuttling of DBPs and other RNA-binding proteins in human cells.

Results

Nuclear localization of DDX6 in human cells. To examine the nuclear presence of DDX6 in human cell
nuclei, we performed subcellular fractionation followed by WB on the HeLa human cervical cancer cell line, the
transformed human embryonic kidney cell line HEK293T, and human embryonic stem cell-derived cardiomy-
ocytes (hESC-derived CM). We used the Gagnon-Li method*"*? and the NE-PER reagents for nuclear/cytoplas-
mic fractionation (Fig. 1a). Our WB results showed that DDX6 was detectable in both cytoplasmic and nuclear
extracts prepared using both methods (Fig. 1a). The specificity of anti-DDX6 WB in nuclear extract was further
confirmed in DDX6-depleted cells (Fig. S1a and b). The WB results also showed specific detection of the nuclear
marker LMNA in the nuclear extracts, whereas the cytoplasmic marker GAPDH and endoplasmic reticulum
(ER) marker CALR were barely detected (Fig. 1a). Notably, LMNA was expressed at a low level in hESC-derived
CM, so we used POLR2A p-Ser2 as a nuclear fraction marker instead (Fig. 1a). These results confirmed that
there was minimal cross-contamination between the cytoplasmic and nuclear fractions, supporting the nuclear
presence of DDX6. To the same end, we also exploited an in-house HeLa nuclear/cytoplasmic proteome dataset
with two biological replicates that was produced by quantitative mass spectrometry (Fig. 1b). In both replicates,
DDX6 was found to be present based on at least two unique peptides in both the nuclear and cytoplasmic frac-
tions (Fig. 1b and Table S1). Similar to our WB results, various markers for the nucleus, cytoplasm, or ER were
differentially detected in the cytoplasmic and the nuclear fractions (Fig. 1b). This result also supports the nuclear
presence of DDX6. In addition, IF staining of DDX6 in HeLa cells followed by confocal microscopy (Fig. 1c) and
3D-projection (Fig. S2) further revealed the nuclear localization of DDX6, and the detected signals of DDX6 in
nuclei were less as compared with that in cytoplasm. The specificity of anti-DDXG6 IF in the cell nuclei was further
confirmed in DDX6-depleted cells and mock IF (Fig. S3). To circumvent the artefacts that could potentially be
introduced by fractionation or fixation, we also scanned live HeLa cells expressing YFP-tagged DDX6 (YFP-
DDXG6 FL) by confocal microscopy and detected fluorescent signals within the nuclear area (Fig. S4). Combined,
our results support the nuclear presence of DDX6 in human-derived cells.

To test whether nuclear DDXG6 is functionally active for RNA binding, we examined the interaction of DDX6
with nuclear RNAs, in particular the nuclear-retained IncRNAs. To this end, we performed a standard RNA
co-immunoprecipitation (RIP) by using anti-DDX6 to pull down the endogenous DDX6 associated com-
plexes and followed by RT-qPCR to examine the DDX6 interacting RNAs. Our results showed that one of the
nuclear-retained IncRNAs, MALAT1, was enriched by anti-DDX6 IP (Fig. S5a). The specificity of anti-DDX6
IP was confirmed by control IgG IP (Fig. S5a), anti-DDX6 IP in DDX6-depleted cells, and the co-IP of several
known protein-protein interaction (PPI) partners (Fig. S6a). The specificity of MALAT1 co-IP was confirmed in
DDX6-depleted cells (Fig. S6b). To further confirm the interaction of DDX6 with MALAT1 in vivo, we tracked
the co-localization of DDX6 and MALAT1 in interphase HeLa cells with fluorescent in situ hybridization (FISH)
and IF double staining. DDX6 was frequently observed co-localizing with, or docking to, MALAT]1 in cells in
which MALAT1 aggregates to nuclear speckles (Figs S5b and Séb,c), supporting the fact that DDXG6 interacts with
MALAT1 in the nucleus.

DDXG6 is insensitive to LMB treatment. Because DDX6 localized to human cell nuclei, we next sought
to determine how it is distributed nucleocytoplasmically. Although it was proposed that vertebrate DDX6 homo-
logues are shuttled between the nucleus and the cytoplasm by the importin-o/3 and the CRM1 pathways!?,
this shuttling model was challenged by conflicting data concerning CRM1-dependent export?»*2%33, To clarify
the nuclear shuttling mechanism of DDX6, as well as that of other P-body interacting proteins, we surveyed the
LMB-sensitive P-body components. Our results showed that only PATL1 and 4E-T, but not DDX6, accumulated
in the cell nuclei conspicuously after the treatment of LMB (Fig. 2a). Furthermore, even under a high dose of
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Figure 1. DDXG6 is present in human cell nuclei. (a) DDXG6 is detectable in the nuclear extracts of human

cell lines. Cytoplasmic and nuclear extracts from HeLa cells, HEK293T cells, and hESC-derived CM were
prepared by NE-PER reagent or Gagnon-Li method. Equal amounts (proteins in pg) of nuclear and cytoplasmic
extracts were separated by SDS-PAGE and analyzed by WB. LMNA and POLR2A p-Ser2: lamin A/C and
phosphorylated RNA polymerase II subunit 1, nuclear markers; GAPDH: a cytosolic marker; CALR: an ER
lumen marker. (b) Quantitative MS analysis confirms the nuclear presence of DDX6. Scatter plot showing the
comparison of the protein nucleocytoplasmic signal ratios between the two replicates of the quantitative MS
data. The original samples were fractionated by NE-PER to yield cytoplasmic and nuclear extracts as in (a).

The N/C signal ratios were calculated using the summed-up extracted ion chromatogram (XIC) intensities, an
estimate of the protein abundance. Several known cytosolic (blue), ER (brown), and nuclear (red) proteins were
shown side-by-side with DDXG6 (green). (c) IF detects endogenous DDX6 in the nuclei of human cells. HeLa
cells were analyzed by immunofluorescence using antibodies against DDX6 (shown in red) and AGO2 (shown
in green). Nuclei were stained with Hoechst 33342 (shown in blue) and images were digitally merged (c, i and
ii). Bottom panels (c¢,iii and iv) display magnified views of the boxed areas in i. Arrows indicated endogenous
DDXG6 in the nuclei. Scale bar =10 pm.

LMB, no grossly observable nuclear accumulation was seen for DDX6 (Figs 2b and S7). Together, our results
indicate that LMB does not affect DDX6 and its nuclear export via the CRM1-dependent pathway.

The putative NES is structurally masked and is inaccessible to CRM1. To support our new evi-
dence that DDXG6 is not LMB-sensitive, we resorted to a structural analysis to obtain biochemical insight into
the feasibility of CRM1-dependent export of DDX6. Inspection of the existing X-ray crystallographic structures
showed that the DDX6 NTD folds into a globular structure in all three published crystal structures: DDX6 NTD
(1VEC)*%, ATPase-compatible conformation (4CT4)% and the ATPase-incompatible conformation (4CT5)*.
The putative NES proposed by previous studies (Fig. 3a) indeed folds into an L-rich NES-like structure that
is characterized by a-helical folding with leucine residues protruding in the same direction® (Figs 3b and S8).
Nonetheless, this putative NES is buried inside the core region of the DDX6 NTD, with L151 and L155 directly
blocked by the 174-199 segment (Fig. 3b inset 1 and 2 and Fig. S8), while L158 and L160 protrude downward and
inward to the DDX6 N'TD core (Fig. 3b inset 3 and Fig. S8). In addition, the putative NES is one of the most stably
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Figure 2. The nucleocytoplasmic localization of DDXG6 is insensitive to LMB treatment. (a) LMB
treatment does not alter DDX6 nucleocytoplasmic distribution. HeLa cells expressing control EYFP, EYFP- or
EGFP-tagged P-body components were treated with 5ng/mL LMB for 5hours prior to imaging. (b) DDX6 is
insensitive to high concentration LMB treatment. HeLa cells transfected with YFP-PATL1, YFP-DDX6 FL,

and myc-DDX6 FL, and untransfected cells were treated with 0, 5, 10, and 50 ng/mL LMB for 5hours prior to
imaging. (a and b) Same volume of solvent to highest dose LMB treatment was used as control (0 ng/mL LMB).
YFP signal is shown in green. Nuclei were stained with Hoechst (shown in blue). Merge channels show overlay
of YFP and Hoechst signals. Scale bar =20 pm.

folded segments within the DDX6 NTD (Fig. S9a and b), indicating that the putative NES is unlikely to contact
other proteins at the molecular surfaces.

Despite the structural features, the N-terminal 1-164 segment of Xp54, which is homologous to the 1-166
segment of human DDX6 (Fig. 3a), was reported to be exported by the CRM1-dependent pathway?*. One plau-
sible explanation for this discrepancy is that the recognition and shuttling of the Xp54 1-164 segment by CRM1
results from the removal of the downstream masking peptide segments, which exposes the putative NES. That is,
the CRM1-dependent export of the Xp54 1-164 segment could be a gain-of-function mutation when the protein
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Figure 3. The putative NES is masked by DDX6 NTD folding. (a) Illustration of the putative L-rich NES in
DDX6. The putative NES spans position 151-160 in DDX6 NTD (red segment). The white box represents DDX6
sequence. Sequence alignment of human, mouse and Xenopus DDX6 homologs is shown. Leucine residues
matching the consensus L-rich NES pattern is colored in red. Asterisks denote the leucine residues targeted

for mutagenesis (L158 and L160; L to A substitution). Hsa: Homo sapiens; Mmu: Mus musculus; Xla: Xenopus
laevis. (b) The putative NES is buried in the core of stably folded DDX6 NTD. DDX6 in ATPase-incompatible
conformation (4CT5) is visualized, colored, rotated to highlight the structural features of the putative NES.
Cylinders represent a-helices; flat arrows represent 3-sheets. NES peptide backbone is colored in red; carbon
atoms of leucine residues are colored in green. Insets display magnified views of the boxed areas near the
putative NES. (c) Illustration depicts the constructs of YFP-DDX6 1-166, YFP-DDX6 NTD, YFP-DDX6 FL, and
YFP-DDX6 141-483. Various segments of DDX6 were N-terminally tagged with EYFP. Region of the putative
NES is shown in red. All NES mutants (mNES) bear L158A/L160A substitutions. (d) Nucleocytoplasmic
distribution of YFP-DDX6 NTD and YFP-DDX6 FL are insensitive to LMB treatment. HeLa cells expressing
YFP-4E-T, YFP-DDX6 1-166 WT, YEP-DDX6 NTD WT, YFP-DDX6 FL WT and YFP-DDX6 141-483 WT
were treated with 5ng/mL LMB for 5 hr prior to imaging. Same volume of 70% methanol (MeOH; solvent) was
used as control treatment. (e) Nucleocytoplasmic distributions of YFP-DDX6 NTD, YFP-DDX6 FL, and YFP-
DDXG6 141-483 are insensitive to putative NES mutation. YFP-DDX6 1-166, YFP-DDX6 NTD, YFP-DDX6 FL,
and YFP-DDX6 141-483 WT and mNES were transiently expressed in HeLa cells. YFP signal is shown in green.
Nuclei were stained with Hoechst (shown in blue). Scale bar =20 um. (f) Diagram shows our conclusion for the
accessibility of the putative NES.
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is truncated. To test this hypothesis, we examined the localization of YFP-DDX6 1-166 and YFP-DDX6 141-483,
two truncated DDX6 mutants. We predicted that, whereas the 1-166 segment of human DDX6 can be exported
through the CRM1-dependent pathway, the DDX6 FL, DDX6 NTD, and DDX6 141-483 segments cannot be
exported through the CRM1-dependent pathway (Fig. 3c). As expected, the export of YFP-DDX6 1-166 was
sensitive to LMB treatment and to mutation at the putative NES (Fig. 3d and e). The localizations of YFP-DDX6
FL, CTD, and 141-483, however, were not altered by LMB treatment or mutation (Fig. 3d and e). These results
corroborated our prediction and confirmed that the putative NES is structurally inaccessible to CRM1 in the
intact DDX6 NTD. Additionally, the comparative analysis of the homologous regions of the putative NES in
other DBPs in the eIF4A-like clade revealed that this segment is highly enriched with hydrophobic amino acids
(AA) arranged in NES-like sequences (Fig. S9c-e). However, no NES-like function has been reported for these
homologous regions. These findings suggest that the N-terminal region containing the putative NES of DDX6
may instead provide essential hydrophobic interactions for the domain folding common to other DBPs.

The putative K/R-rich NLS, miRISC, and MALAT1 are dispensable for the nuclear entry of
DDX6. The shuttling model from a previous study proposed that the vertebrate DDX6 homologues are
imported to the cell nuclei by the importin-a/3 complex, which recognizes the K/R-rich NLS?*%. However, this
has not yet been supported by experimental data. To test this model, we mutated the putative NLS (mNLS) in
YFP-DDX6 1-166 (Fig. S10a). Upon LMB treatment, YFP-DDX6 1-166 mNLS still accumulated in the nucleus
(Fig. S10b), indicating that its ability to enter the nucleus was not determined by the putative NLS. We then used
the NucPred program®® to scan for K/R-rich NLS embedded within the peptide sequence of DDX6, but no poten-
tial target was reported (Fig. S10c). Additionally, treatment with importazole (IPZ), an inhibitor of importin-3,
did not block the nuclear localization of endogenous DDX6 and YFP-DDX6 1-166 WT (Fig. S11). The putative
NLS of DDX6 deviates from the consensus K/R-rich NLS¥. These lines of evidence argue against the idea that
K/R-rich NLS facilitates the nuclear import of DDXG6.

It was recently discovered that the core RNAi machinery can be shuttled nucleocytoplasmically by TNRC6A%.
Thus, we wondered whether DDXG6 is co-transported as part of the miRISC. To this end, we first disrupted RISC
formation by AGO2 KD (Fig. S12a) and then examined the nucleocytoplasmic distribution of DDX6 (Fig. S7b).
The results showed that DDXG6 levels in the cytoplasmic and nuclear extracts were not significantly altered by
AGO2 depletion (Fig. S12b). We then tested whether the nuclear localization is regulated by MALAT1. However,
we did not observe a significant change in DDX6 levels in the cytoplasmic and nuclear extracts when MALAT1
was depleted (Fig. S12c and d). These data suggest that the nuclear entry of DDX6 is not determined by miRISC
or MALAT1 IncRNA.

DDX6 CTD facilitates nuclear localization. To map the DDX6 compartment responsible for nuclear
entry, we first tracked the subcellular localization of the two DDX6 domains (Figs 4a and S13a). Surprisingly,
YFP-DDX6 CTD, similar to YFP-DDX6 FL, was present in the nuclear extract, whereas YFP-DDX6 NTD was
barely detectable (Figs 4b and S13b). To rule out the possible effect of nuclear entry driven by the EYFP tag, we
verified DDX6 CTD localization with Myc-tagged DDX6 CTD (Myc-DDX6 CTD; Fig. S13a). We found that
Myc-DDX6 CTD localized predominantly to the nuclei in a similar pattern to that of YFP-DDX6 CTD (Fig. S13c).
Although we noticed that the nucleolar localization of DDX6 CTD could be an artefact resulting from 4% PFA
fixation (Fig. S13d), fixation did not change the general nuclear localization of YFP- or Myc-tagged DDX6 CTD.
Together, these results suggest that DDX6 CTD can be important for nuclear entry.

To elucidate the role of DDX6 CTD in nuclear localization, we adopted a chimeric protein approach®** to
examine whether DDX6 CTD is sufficient to drive nuclear entry. We constructed YFP-PKM-DDX6 CTD and
YFP-PKM-DBR1 CTD by fusing DDX6 CTD and DBRI CTD to the C-terminus of YFP-PKM, a non-shuttling
cytoplasmic enzyme (Fig. 4c and d). Unlike YFP-PKM, which predominantly localized to the cytoplasm,
YFP-PKM-DBRI1 CTD was highly nuclear-enriched (Fig. 4d). These data confirmed that YFP-PKM can be
imported by C-terminally fused protein. Interestingly, YFP-PKM-DDX6 CTD exhibited a phenotypic continuum
(Fig. 4d). We defined three subcellular localization types: Type 1 represents cells with a dominant cytoplasmic
distribution; type 2 represents cells with a homogenous distribution; and type 3 represents cells with a dominant
nuclear distribution. Two days after transfection, cells with an apparent nuclear signal (type 2 and 3) accounted
for approximately 60% of the transfected cells. Together, these results indicate that DDX6 CTD facilitates nuclear
entry.

Because DDX6 CTD provides binding sites for its interacting partners (Fig. S14a), including CNOT1*,
PATL17%4041 4E-T4041 LSM14A'%4 and EDC3%1%41 we mutated these sites to test whether nuclear localiza-
tion depends on an interaction with these proteins. None of the mutants showed strongly abrogated nuclear
localization (Fig. S14b). Similarly, mutations in conserved helicase motifs or in consensus phosphorylation sites
(Fig. S14a) did not abolish nuclear localization (Fig. S14c and d). Together, our results suggest that these factors
are dispensable for DDX6 nuclear localization.

Alternatively, we tested whether DDX6 CTD harbours one or more non-canonical NLSs. These sequences
are diverse in terms of length and sequence pattern. We first constructed deletion mutants by further deleting
the first 60 and the last 63 amino acids in DDX6 CTD (YFP-DDX6 CTD-Al and YFP-DDX6 CTD-A2; Fig. 4e).
As a result, the nuclear localizations of both YFP-DDX6 CTD-A1 and YFP-DDX6 CTD-A2 were abolished
(Fig. 4f). The abolition of nuclear localization indicates the following: First, integral DDX6 CTD may be necessary
for nuclear localization; second, both the DDX6 301-360 and the 421-483 segments alone were insufficient for
nuclear entry, suggesting that these two segments do not function as stand-alone NLSs.

DDX6 CTD facilitates chromosome association during mitosis. Two other mechanisms could
potentially underlie the nuclear localization of DDXG6. First, difftuse DDX6 can be engulfed into the nucleus as
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Figure 4. DDX6 CTD determines the nuclear localization of DDX6. (a) Illustration depicts YFP-DDX6 FL,
NTD, and CTD. NTD: the 1-300 AA; CTD: 301-483 AA. (b) YFP-DDX6 CTD localizes to the nuclei of human
cells. HeLa and HEK293T cells expressing YFP-DDX6 NTD or YFP-DDX6 CTD were imaged with fluorescent
microscope. (c) Illustration depicts the YFP-tagged chimeric proteins used for nuclear localization assay. PKM,
a non-shuttling cytoplasmic enzyme, was used as the cargo for nuclear transport. ; DBR1 CTD, the CTD of

a splicing factor DBR1, harbors a defined K/R-rich NLS, and was used as a positive control. DBR1 CTD and
DDX6 CTD were fused to the C-terminus of YFP-PKM. (d) YFP-PKM-DDX6 CTD can localize to the nuclei.
HeLa cells expressing YFP-PKM, YFP-PKM-DBR1-CTD, or YFP-PKM-DDX6 CTD were imaged 2 days after
transfection. A phenotypic continuum of different nucleocytoplasmic distribution exists in the cell population
expressing YFP-PKM-DDX6 CTD, and was roughly categorized into 3 types. Type 1: cytoplasm-dominant; type
2: equal cytoplasm/nucleus (indicated by white arrows); type 3: nucleus-dominant. Numbers represent means
and standard deviations of the percentage of each type calculated from 3 replicates. (e) The diagram showing
the truncation mutants of DDX6 CTD. DDX6 CTD was further truncated into CTD-A1 (301-420) and CTD-
A2 (421-483) segments. White box represents DDX6 sequence. (f) Deletions in DDX6 CTD abolish the nuclear
localization of DDX6. HeLa cells expressing YFP-DDX6 CTD, YFP-DDX6 CTD-Al and YFP-DDX6 CTD-A2
were imaged with fluorescent microscope. (b,d and f) YFP signal is shown in green. Nuclei stained with Hoechst

is shown in blue. Scale bar =20 pm.
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the nuclear membrane reassembles in late telophase. However, this model is insufficient to explain the predomi-
nantly nuclear-localized phenotype of DDX6 CTD (Fig. 4b). We then considered a second possibility, that DDX6
CTD may achieve nuclear entry by “hitch-hiking” on mitotic chromosomes during M phase. Two independent
proteomic studies, which detected DDX6 in the mitotic chromosome extract of extract of chicken DT40 cells*?
and chromatin extracts from human HeLa-S3 cells®’, provided evidence for this hypothesis. To examine whether
DDXG6 indeed associates with chromosomes, we tracked the localization of DDX6 constructs in mitotic HeLa
cells (Fig. 5a). Whereas EYFP and YFP-DDX6 NTD were diffuse throughout the cytoplasm during M phase,
both YFP-DDX6 FL and CTD co-localized with chromosomes (Fig. 5a and f). Viewed by confocal microscopy,
YFP-DDX6 FL and CTD displayed an indistinguishable chromosome binding pattern (Fig. 5b). These findings
indicated that DDX6 CTD could facilitate binding to mitotic chromosomes.

To confirm that DDX6 CTD is responsible for chromosome association, we used the “domain swap” approach.
We first reconstituted YFP-DDX6 (YFP-DDX6 Rec) by fusing the DDX6 CTD to the C-terminus of YFP-DDX6
NTD (Fig. S15a and c). Subsequently, we swapped the DDX6 NTD for PKM. As a result, while YFP-DDX6 Rec
was chromosome-positive in 40% of the mitotic cells, YFP-PKM-DDX6 CTD was chromosome-positive in 80%
of the mitotic cells (Fig. 5e). This result suggests that the DDX6 N'TD is dispensable, or even inhibitory, to chro-
mosome association. Conversely, when the DDX6 CTD was removed, the resulting YFP-PKM was exclusively
diffuse in mitotic cells (Fig. 5¢ and e), suggesting that PKM does not contribute to chromosome binding. We
further tested whether the truncation in the DDX6 CTD abolishes the chromosome binding. As a result, both
YFP-DDX6 CTD-Al and YFP-DDX6 CTD-A2 exhibited a diffuse pattern (Fig. 5d and e), suggesting that struc-
turally integral DDX6 CTD may be required for chromosome association. Collectively, the chromosome binding
in the mitotic cells showed a striking positive correlation with the nuclear localization in interphase cells, imply-
ing a causal link between these two phenomena.

DDX6 CTD facilitates nuclear entry by hitchhiking on mitotic chromosomes. To further inves-
tigate the relationship between the chromosome binding and nuclear localization of DDX6, we monitored the
chromosome-association dynamics of DDX6 constructs during M phase with time-lapse microscopy. First, we
observed that cytoplasmic YFP-PKM-DDX6 CTD quickly bound the condensed chromosomes after the nuclear
membrane broke down (Fig. 6a). This finding demonstrated that the binding of the mitotic chromosome occurs
at early prometaphase, and the subcellular localization of YFP-PKM-DDX6 CTD in the previous cell cycle does
not limit this process. We also observed that, in some cells, the interaction between YFP-PKM-DDX6 CTD
and the mitotic chromosomes persisted even after cytokinesis (Fig. 6b). Consequently, the chromatin-bound
YFP-PKM-DDX6 CTD became trapped in the newly formed nuclei (Fig. 6b). In other cells, the interaction
between YFP-PKM-DDX6 CTD and the mitotic chromosomes declined during the mitosis (Fig. 6¢), leaving
a small amount of YFP-PKM-DDX6 CTD to be enclosed in the newly formed nuclei. This divergent dynamics
during the mitosis was consistent with the divergent phenotypic continuum in the interphase cells (Fig. 4d).
Conversely, we also observed a persistent interaction between YFP-DDX6 CTD and the mitotic chromosomes,
and the subsequent entrapment of YFP-DDX6 CTD in the newly formed nuclei (Fig. 6d). For YFP-DDX6 FL, the
interaction with the mitotic chromosomes declined during the mitosis (Fig. 6¢). These observations were also
consistent with our previous observations in the interphase cells (Figs 2, 3e and 4b). Collectively, our findings
point to a novel mechanism in which DDX6 enters newly formed cell nuclei by hitch-hiking on the mitotic chro-
mosomes using its CTD.

4E-T can mediate piggyback shuttling of DDX6. It has been recently proposed that DDX6 may be
shuttled nucleocytoplasmically in a piggyback style**. Among the known interacting partners of DDX6, 4E-T,
PATL1, and LSM14B are indeed directly transported by the CRM1 pathway (Fig. 2a)***3#4 However, several pro-
teomic profiling efforts have shown that DDX6 has a greater average copy number per cell than these other pro-
teins (Fig. $16), especially in HeLa cells (Fig. S16d)***>-*". This is consistent with the observation that the DDX6
localization was unaffected under LMB treatment (Fig. 2). To overcome this limitation imposed by the protein
stoichiometry, we monitored the localization of the co-expressed CFP-DDX6 with the overexpression of YFP-
4E-T, YFP-PATL1, and YFP-LSM14A under LMB treatment. Because LSM14A, unlike its paralogue LSM14B%,
is not a shuttling protein, we observed no change in the subcellular localization of YFP-LSM14A and CFP-DDX6
under LMB treatment (Fig. 7a, xxi and xxiv). Conversely, YFP-PATL1 accumulated in the nuclei under LMB
treatment (Fig. 7a, xiii-xvi). However, YFP-PATLI1 displayed a diffuse nuclear pattern in nearly all the observed
cells (Fig. 7a, xiv). This was drastically different from the pattern without co-expressing CFP-DDX6, which was
characterized by localization to nuclear granules (Fig. 2a). In contrast, YFP-4E-T accumulated and localized to
the nuclear granules under LMB treatment regardless of the co-expression of CFP-DDX6 (Fig. 7a, vi). Strikingly,
CFP-DDX6 co-localized with YFP-4E-T within the nuclear granules under LMB treatment (Fig. 7a, v-viii). This
result indicates that DDX6 can be exported via the CRM1-dependent pathway when complexed with 4E-T in the
nucleus. Our finding also suggests that there is 4E-T-mediated DDX6 import for two reasons: First, the localiza-
tion of CFP-DDXG6 to nuclear granules under LMB treatment is only observed when YFP-4E-T is co-expressed.
Second, there was no grossly observable nuclear accumulation of CFP-DDX6 with a diffuse pattern in other cases,
thereby reducing the possibility that CFP-DDX6 was imported by other potential factors but was not recruited to
the nuclear granules by 4E-T.

To further assess the role of 4E-T in the nuclear import of DDX6, we examined whether the binding between
DDX6 and 4E-T, and more importantly the nuclear import of 4E-T, are crucial for the import of DDX6. To this
end, we constructed a 4E-T-binding mutant of DDX6 (CFP-DDX6 mut3)*4!, a DDX6-binding mutant of 4E-T
(YFP-4E-T ACHD)*8 and an NLS-mutant of 4E-T (YFP-4E-T ANLS; Fig. 7b)*. We then examined the local-
ization of CFP-DDXG6, with the co-expression of various YFP-4E-T mutants, to the nuclear granules under LMB
treatment. Consequently, the granular localization of CFP-DDXG6 in the nuclei under LMB-treatment was indeed
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Figure 5. DDX6 FL and CTD bind to the condensed chromosomes during M phase. (a) YFP-DDX6 FL and
CTD were associated with mitotic chromosomes. HeLa cells transfected with EYFP, YFP-DDX6 FL, -NTD, or
-CTD were synchronized at prometaphase using nocodazole (50 ng/mL) and imaged. Images were acquired
with fluorescent microscope (a) and confocal microscope (b), respectively. (c) DDX6 CTD accounts for mitotic
chromosome association. Synchronized HeLa cells expressing YFP-DDX6 FL, YFP-DDX6 Rec (Fig. S15), YFP-
PKM-DDX6 CTD, and YFP-PKM were imaged with fluorescent microscope. (d) Truncation in DDX6 CTD
abolishes chromosome association. HeLa cells expressing YFP-DDX6 CTD-A1 and - A2 were synchronized
and imaged with fluorescent microscope. Fractions represent numbers of cells with displayed phenotypes over
total counted cells. (e) Bar graph showing the phenotype statistics. Data was calculated from three biological
replicates as shown in (a, c and d). (a-d) YFP signal is shown in green. Mitotic chromosomes were stained with
Hoechst. Scale bar = 10 pm. Granule+: granule-positive phenotype. Double+: granule/chromosome double-
positive phenotype. Chr.+: chromosome-positive phenotype. (a, ¢ and d) Numbers represent means and
standard deviations of the percentage of the displayed phenotypes calculated from 3 replicates.
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Figure 6. The CTD of DDXG6 facilitates nuclear entry via hitchhiking on the mitotic chromosomes.
(a-e) The representative images of the YFP-DDX6 constructs in the time-lapse imaging. The HeLa cells
expressing YFP-PKM-DDX6 CTD entering (a) or exiting M phase (b and ¢) were shown. The HeLa

cells expressing YFP-DDX6 CTD (d) or YFP-DDX6 FL (e) exiting M phase were also shown. The time
interval = 5min in (a); the time interval = 10 min in (b-e). The YFP signals were shown in green. The cell
nuclei/chromosomes were stained with Hoechst (blue). The diagrams on the right represent the trend in
chromosome binding during the cell cycle progression.

reduced with the mut3 mutation in CFP-DDX6 (Fig. 7¢, xiii-xvi) and with the co-expression of YFP-4E-T ACHD
(Fig. 7¢, xxi-xxiv) while the localization of YFP-4E-T to the nuclear granules appeared unaffected (Fig. 7c, xivand
xxii). Furthermore, the ANLS mutation in YFP-4E-T abolished its nuclear entry (Fig. 7c, xxx), and the localiza-
tion of CFP-DDX6 to the nuclear granules was abolished in correlation (Fig. 7c, xxix). These results confirmed
that the nuclear import of 4E-T and its binding to DDX6 are both required for the localization of DDX6 to nuclear
granules when 4E-T is overexpressed. This supports a model in which DDX6 can be co-transported with 4E-T in
a piggyback manner.
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Figure 7. DDX6 can be shuttled by 4E-T in a piggyback manner. (a) The representative images of CFP-
DDXG6 co-expressed with YFP-4E-T, YFP-PATLI1, or YFP-LSM14A under the LMB treatment. Overexpression
of YEP-4E-T, -PATL1, or -LSM14A elevated the total abundance of these three proteins in HeLa cells. The
transfected HeLa cells were treated with LMB (5ng/mL) or solvent control for 5hr prior to imaging. Under

the LMB treatment, the strong accumulation in the nuclear YFP-4E-T granules (a,vi) and the mild elevation of
the nuclear CFP-DDXG6 level were observed (a,v). (b) Illustration depicts WT and mutants of CFP-DDX6 and
YFP-4E-T. The brown segments represent binding surfaces between DDX6 and 4E-T, namely the patch 3 surface
of DDX6 and the CHD of 4E-T. The blue segment represents the validated K/R-rich NLS of 4E-T. And the red
segments represent the known L-rich NES in 4E-T. Mut3, the patch 3 mutant, includes three point mutations,
namely $343D, Q345D, and R346D. ACHD and ANLS mutants of 4E-T contain deletions from E217 to D240
and from R195 to N211, respectively. (c) The representative images for the co-expressed WT and mutants of
CFP-DDX6 and YFP-4E-T. The cells were subjected to LMB treatment prior to imaging as described in (a).
The interaction mutants, CFP-DDX6 mut3 and YFP-4E-T ACHD, did not affect the localization of YFP-4E-T
to nuclear granules (c, xiv and xxii), but reduce the localization of CFP-DDXG6 to nuclear granules (c, xiii and
xxi). ANLS, the nuclear import mutant, of YFP-4E-T abolished both the nuclear import and nuclear granule
localization of both YFP-4E-T and CFP-DDX6 (c, xxix and xxx). (a and ¢) Nuclei were stained with Hoechst.
Scale bar =20 pm.
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Discussion

In this study, we used different approaches to show that human DDXG6 is present in the nucleus. We used WB and
MS to detect DDX6 in nuclear extracts from HeLa cells, HEK293T cells, and hESC-derived CM (Fig. 1a and b).
We also used confocal microscopy for anti-DDX6 IF (Fig. 1c) and YFP-DDX6 FL live-cell imaging (Fig. S4) to
detect nuclear DDX6 in HeLa cells. Our results were consistent with previous reports that DDXG6 is present in the
nuclei of MKN45 gastric cancer cells and DM1-affected fibroblasts?>?. Taken together, the nuclear localization of
DDX6 has now been verified in five distinct, human-derived cell types. Because DDXG6 is ubiquitously expressed
in human tissues/cells, we expect the nuclear localization of DDX6 to be widespread in different human cell
types. This notion is supported by the detection of DDX6 in the nuclear extracts of hESC-derived CM (Fig. 1b).
This notion is also supported by the knowledge that DDX6 family members are widely observable in the nuclei
of metazoans®-*>*, including lab rodents. The fact that DDX6 family members are present in animal cell nuclei
across different phyla implies that DDX6 may have conserved or specialized nuclear functions, which would
require further investigation.

We can estimate the ratio of endogenous nuclear DDX6 in various cell types. In our WB and MS analysis, we
often observed comparable cytoplasmic and nuclear DDX6 signals (Fig. 1a and b). Because the protein abundance
in the cytoplasmic and nuclear extracts was approximately 9:1 to 4:1, as prepared by using the NE-PER reagents,
we estimated that the molar ratio of cytoplasmic and nuclear DDX6 in HeLa cells does not exceed 4:1. That is, the
nuclear DDXG6 is unlikely to account for more than 20% of the cellular DDX6. Although this estimate is conserva-
tive, it is comparable to the previous estimates. For instance, in stage III Xenopus oocytes, nuclear Xp54 accounts
for approximately 16.7% of total Xp54?*. In the rat testis, nuclear DDX6 accounts for ~7% of total DDX6%. This
estimate was also consistent when we compared the anti-DDX6 WB signal in the cytoplasmic and nuclear extracts
prepared from the same number of cells (Fig. S1c). Although these results are largely comparable, the exact pro-
portion of nuclear DDX6 may be organism-, cell type-, or developmental stage-dependent and may vary depend-
ing on the means of detection. Collectively, these results indicate that a relatively minor but substantial proportion
of cellular DDX6 is consistently present in the nucleus in many, if not all, cell types.

To further characterize nuclear DDX6, we demonstrated that DDX6 can bind nuclear IncRNA (Figs S5 and S6).
This result aligns with previous reports that DDX6 can interact with noncoding regions of mRNAs or IncRNAs
both in vitro and in vivo®?$273450-56 This finding is also among the earliest reports of the interaction between
DDX6 and the IncRNA that is highly enriched in the nucleus. We note that, while this manuscript was under
revision, a study reported the interaction between DDX6 and 7SK nuclear RNA. Because DDX6 generally
binds RNA promiscuously®>*>>* and nuclear IncRNA represents a substantial proportion of the human tran-
scriptome®®™®, we propose that DDX6 may bind to various other nuclear IncRNAs. We also speculate that DDX6
may possess regulatory functions for nuclear IncRNAs in addition to cytoplasmic mRNA silencing. Although we
observed no apparent functional regulation of MALAT]1 stability or subnuclear localization by DDX6 (data not
shown), we cannot fully dismiss the possibility that DDX6 may participate in the structural regulation of IncRNA
without further investigations, and we will pursue such investigations in the future.

We provided evidence contradicting the existing nucleocytoplasmic shuttling model of DDX6, and we
revealed a novel nuclear targeting mechanism for DDX6. On one hand, our results, supported by the structural
details, show that DDXG6 itself is insensitive to LMB treatment; it cannot be exported via the CRM1 pathway with
the putative NES (Figs 2 and 3, S7 and S8). On the other hand, our results argue against the role of the K/R-rich
NLS in DDX6 nuclear import (Figs S10 and S11). This finding and our structural masking hypothesis for the
putative NES together represent a departure from the existing model. Alternatively, our results show that the
nuclear import of DDXG6 is facilitated by its CTD (Figs 4 and S13), and demonstrate that the DDX6 CTD can
mediate association with mitotic chromosomes (Fig. 5). As direct evidence, our time-lapse imaging revealed
that the DDX6 CTD indeed enters the nucleus along with post-mitotic chromosomes as the nuclear membrane
reassembles (Fig. 6). These findings suggest that DDX6 may enter the cell nucleus by associating with mitotic
chromosomes throughout M-phase progression, and we summarized this as the “hitch-hiking” model (Fig. 8a).
Under this framework, the association and dissociation processes serve as a mechanism to balance and redistrib-
ute DDX6 throughout the cells during mitosis. Furthermore, the incomplete dissociation of DDX6 from mitotic
chromosomes underlies the nuclear distribution of DDX6 observed in interphase cells (Fig. 8a). The underlying
mechanism and functional relevance of the association with mitotic chromosomes/interphase chromatin and
interactions with nuclear IncRNA (Fig. S5 and unpublished data) represent new directions for inquiries into
DDXG6 functions beyond cytoplasmic mRNA silencing.

In parallel, we also demonstrated that DDX6 can be transported in a piggyback manner through its direct
interacting protein, 4E-T (Figs 7 and 8b). This finding enlisted DDX6 as another transport cargo of 4E-T in
addition to EIF4E*, although we note that the depletion of 4E-T does not greatly alter the nucleocytoplasmic
distributions of EIF4E and DDX6 in HeLa cells (Fig. S17). On the other hand, even though we had no explicit
evidence for the piggyback style transportation by PATL1, we observed that co-expressed CFP-DDXG6 affected
the subcellular localization of YFP-PATLI1 (Figs 2a and 7a, xiv). Thus, we cannot fully dismiss the possibility that
PATL1 is also capable of shuttling DDX6. Moreover, it was originally proposed that Xenopus LSM14B (xRAP55B,
xRAPB) may serve as a transporter of Xp54¥. Interestingly, in developing Xenopus oocytes, the nuclear Xp54
level decreases after stage IT1%, coinciding with the decline in total xRAPB after stage III*°. Therefore, it is possi-
ble for LSM14B to shuttle DDX6 in human cells, as it is possible for xRAPB to shuttle Xp54 in Xenopus oocytes.
However, in the biological context of HeLa cells, the abundance of DDX6 greatly exceeds that of PATLI, 4E-T, and
LSM14B (Fig. S16). Thus, the shuttling rate by this mechanism may be slow. It is consistent with our observation
that the nucleocytoplasmic localization of DDXG6 is insensitive to LMB treatment (Fig. 2) and 4E-T depletion in
HeLa cells (Fig. S17). Similarly, when we increased the 4E-T levels by overexpressing YFP-4E-T, we observed
co-transportation of YFP-4E-T and CFP-DDXG6 (Fig. 7). The sensitivity of such co-transportation behaviour to
both LMB and the mutation of 4E-T NLS supports the use of CRM1-dependent and importin-o/3-dependent
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Figure 8. A new synthesis for the nucleocytoplasmic distribution mechanism of DDX6. The diagram
summarized the two proposed mechanisms governing the nucleocytoplasmic distribution mechanism of DDX6
in this study. (a) The “hitchhiking” model refers to that DDX6 can enter cell nuclei as a passenger on the mitotic
chromosomes. (b) The “piggyback” model refers to that 4E-T is sufficient to transport DDX6 via the importin-o/3
and the CRM1 pathways in a piggyback manner.

shuttling pathways. Together, these results suggest that this mode of transportation is regulated by protein stoi-
chiometry. Notably, in the oocytes and unfertilized eggs of Xenopus (Fig. S16a—c), as well as approximately 25%
of the studied human cell lines (Fig. S16e), the protein stoichiometry of DDX6 and 4E-T decreases by one order
of magnitude, suggesting the 4E-T-dependent transportation of DDX6 can be more pronounced in these systems.

The two mechanisms of transport were discovered along different lines. The hitch-hiking mechanism
stemmed from the rejection of the shuttling model, and the piggyback mechanism was rooted in evidence that
supported CRM1-dependent export. Their parallel existence therefore reconciles the conflicting ideas found in
past research. Physiologically, the hitch-hiking mechanism is restricted to proliferating cells, whereas the piggy-
back mechanism is constrained by protein stoichiometry. Our data provide clear evidence that both mechanisms
can serve to distribute DDX6 across the nucleus and the cytoplasm. Thus, they may dominate under different
biological contexts, and they may complement/buffer each other’s effects.

Methods

Cell culture and transfection. HelLa cells and HEK293T cells were cultured in DMEM (GE healthcare)
supplied with 10% (v/v) fetal bovine serum, penicillin, streptomycin and 5% CO2 at 37 °C. The conditions for
maintaining hESC culture and stimulating CM differentiation were described previously®!. Lipofectamine 2000
reagent or RNAIMAX reagent (Life Technologies) were used for transfection experiments. To knockdown endog-
enous DDXG6, 4E-T, or AGO?2, cells were transfected with 25nM siRNAs and were harvested at 48 h post-trans-
fection. To knockdown MALAT], cells were transfected with 50 nM siRNA using RNAIMAX reagent and were
harvested at 48 h post-transfection. Cells overexpressing EYFP-tagged or myc-tagged constructs were directly
imaged or fixed for IF staining at 24 h post-transfection. For gene expression analyses, cells were harvested at 48h
post-transfection. For siRNA sequences used in this study, see Supplementary Table S2.

LMB treatment and cell cycle synchronization. Stock LMB (Sigma-Aldrich) solution was prepared
at 5ng/pL concentration in 70% (v/v) methanol (MeOH). Stock IPZ (Sigma-Aldrich) solution was prepared
at 10 mM concentration in 100% DMSO. For LMB and IPZ treatment, stock solution was directly diluted in
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condition media to the desired concentration. Same volume of 70% MeOH or 100% DMSO to the highest dose
of LMB or IPZ treatment was used as the control. Cells treated with LMB or IPZ were harvested or imaged at
5hours post-treatment. For cell cycle synchronization at prometaphase, we adopted the thymidine-nocodazole
block strategy. To arrest the cell cycle at S phase, the cells were first incubated with high concentration (2 mM)
of thymidine (Sigma-Aldrich) for 24 hours. Next, the cells were released from thymidine treatment for 2 hours
prior to nocodazole treatment. Cells were then incubated with 50 ng/mL nocodazole (Sigma-Aldrich) for up to
16 hours to arrest the cell cycle at prometaphase.

Cloning and constructs. Cloning of full length DDX6, 4E-T, and AGO2 into pEYFP-C1 expression vector
was described previously®. Deletion mutants and point mutants of DDX6 and 4E-T were generated by either
PCR amplification of DNA fragments or 2-step PCR mutagenesis. Myc-tagged DDX6 CTD are PCR amplified
from EYFP-tagged constructs and inserted into pKR43 expression vector containing 1 x N-terminal myc tag. Full
length PKM, PATLI, EDC3 and DBR1 CTD were PCR-amplified from HeLa cell cDNA, and were subsequently
inserted into pEYFP-CI expression vector. Construction of chimeric proteins was done by inserting DNA frag-
ments into pEYFP-C1 vectors. pPEGFP-DCP1A and DCP2 were gifts from Dr. Elisa Izaurralde (Addgene plasmid
#25030 and 25031).

Immunofluorescence (IF) and fluorescent in situ hybridization (FISH). Indirect IF was performed
as previously described®. In brief, HeLa cells were fixed with 4% (v/v) paraformaldehyde (PFA) in PBS at room
temperature for 10 min before penetration with 0.25% (v/v) Triton X-100 in PBS at room temperature for 5min.
The cells were subsequently blocked with 2% (w/v) BSA/0.1% (v/v) Triton X-100 in PBS and were incubated with
primary antibody recognizing DDX6 (A300-460A, Bethyl Labratories, Inc), AGO2 (Wako), or with anti-Myc tag
(clone 4A6, EMD Millipore) and Alexa Fluor 488 conjugated secondary antibodies (A-21202 or A-21206, Life
Technologies).

Custom Stellaris FISH Probes recognizing MALAT1 (NR_002819) were directly labeled with Quasar 570 and
were purchased from Biosearch Technologies, Inc. (Petaluma, CA). Probe set sequences utilized in the experi-
ments have been previously described. HeLa cells were hybridized with the MALAT1 Stellaris FISH Probe set,
following the manufacturer’s instructions. For anti-DDX6 and anti-phosphorylated SC35 IF (ab11826, Abcam)
after MALAT1 FISH, the cells were washed with 50% FISH wash buffer in PBS, PBS and 0.1% Triton X-100 in
PBS sequentially before proceeding on with IF procedures from blocking with 2% BSA/0.1% Triton X-100 in PBS.

Microscopy, image processing and analyses. For general purpose imaging, we routinely use Leica
DMI3000 B wide field fluorescent microscope. Images acquired with Leica DMI3000 B were pseudo-colored.
Leica DMI3000 B accounts for the images in this article unless specified. Statistics of phenotypic counting were
done with Image]J cell counter plugin. For each construct, at least 3 biological replicates were counted.

To capture high-resolution images of AGO2, nuclear DDX6, MALAT1 and SC35, cells were imaged with
Leica confocal imaging system (TCS-SP2) or Zeiss LSM780 confocal microscope. Chromosome association of
YFP-DDX6 FL, YFP-DDX6 CTD was also captured with Zeiss confocal microscope. Images were pseudo-colored.
For Z-stacking, stacks of images were taken with spacing less than 1 pm along the Z-axis, and were maximally
projected on the XY-plane (Z-projection) or projected 3-dimensionally (3D-projection). Z-projection was done
using ImageJ Z-projection function. 3D-projection was done with the mesh 3D function in ICY image analysis
platform. Signal measurement was carried out using Image]. For LUT representation of the optical signals, the
built-in Fire LUT in Image] was utilized.

For time-lapse imaging, we used DeltaVision Core (GE healthcare) imaging systems. The cells were kept
warm (34°C~37°C) in heating chamber supplied with CO,. The cells were imaged across a 10~20 pm range along
the Z axis with 1 pm spacing at 5minute time interval for at least 3 hours. We utilize the DeltaVision built-in
deconvolution function to improve the image resolution post-acquisition. High-resolution images were obtained
from applying enhanced ratio (aggressive) mode of blind deconvolution with 10 iterations on each image in the
original stacks. YFP, Hoechst and merged signals were made into Montage. The resulting image hyperstacks were
Z-projected (sum slice projection) for each time point. The resulting T-stack images were cropped, adjusted, and
made into Montage.

Whole cell, nuclear and cytoplasmic protein extraction. HeLa whole cell lysate, or total cell lysate
(TCE), were prepared from lysing cells in RIPA buffer (0.1% [w/v] SDS, 50mM Tris-HCl pH 7.4, 150 mM NaCl,
1% Nonidet P-40, 1% Triton X-100). Cytoplasmic and nuclear fractions were prepared from HeLa and HEK293T
cells using either NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Scientific) or the Gagnon-Li
method?®?2. For NE-PER fractionation, the extraction procedure generally follows manufacturer’s protocol,
except for the additional washing of nuclei pellet with PBS before resuspending the nuclei with NER reagent. For
nuclear lysis, we had two rounds of additional freeze-thawing with liquid nitrogen after four rounds of vortexing/
standing described in the original protocol. For Gagnon-Li fractionation, we followed the procedure for prepar-
ing cytoplasmic extract and total nuclear extract. In brief, the cytoplasmic fraction was released by lysing cells in
hypotonic lysis buffer (HLB; 10 mM Tris-HCl pH 7.5, 10 mM NaCl, 3 mM MgCl,, 0.3% [v/v] Nonidet P-40, and
10% [v/v] glycerol). The resulting nuclei pellet was washed with HLB before resuspending the nuclei in nuclear
lysis buffer (NLB; 20 mM Tris-HCl pH 7.5, 150 mM KCl, 3 mM MgCl,, 0.3% [v/v] Nonidet P-40, and 10% [v/v]
glycerol). The nuclei were then lysed by sonication (Digital Sonifier 450, Branson) at 40% power for a total of
45 s with 1 min cooling every 15s. The nuclear extract was then centrifuged at 1,200 x g for 5min. The resulting
supernatant was collected as total nuclear extract.

RNA co-immunoprecipitation (RIP). RIP was performed as described as the previous publication®. TCE
from HeLa cells was prepared by lysing cells in IP lysis buffer (0.2 mM EDTA, 20 mM HEPES pH 7.9, 0.35% Triton
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X-100, 10 mM NaCl, 1 mM MgCl,) for 10 min on ice and then centrifuged at 12,000 x g for 10 min to remove cell
debris. For anti-DDXG6 or control IgG IP, the supernatants were subsequently incubated with Dynabeads M-280
Sheep Anti-Rabbit IgG (Life Technologies) and anti-DDX6 (A300-460A, Bethyl Labratories, Inc) or normal rab-
bit IgG (Santa Cruz) at 4°C for 3 hr, respectively. After incubation, the beads were washed with IP lysis buffer and
IP wash buffer (25 mM Tris-HCl pH 8.0, 150 mM NaCl, 0.3% [v/v] Nonidet P-40) and were split into 2 fractions:
one for protein elution and the other for RNA extraction. For protein elution, beads were boiled at 95°C in SDS
buffer. As for RNA extraction, beads were resuspended in TRIzol reagent.

Western blot. Whole cell lysate, subcellular fractions, and IP eluents prepared as described above were sep-
arated by SDS-PAGE and transferred to PVDF membranes (Bio-Rad). Primary antibodies recognizing GFP-tag
(Living Colors, Clontech), myc-tag (clone 4A6, EMD Millipore), DDX6 (A300-460A, Bethyl Labratories, Inc),
LMNA (ab108595, Abcam), GAPDH (GTX100118, GeneTex), CALR (GTX111627, GeneTex; or, 06-661,
EMD Millipore), AGO2 (H00027161-M01, Abnova), 4E-T (A300-706A, Bethyl Laborator), EIF4E (#9742, Cell
Signaling), POLR2A p-Ser2 (A300-654A, Bethyl Laboratory), CRM1 (sc-5595, Santa Cruz) and HRP-conjugated
secondary antibodies (SC-2004 or SC-2005, Santa Cruz) were used to detect the proteins of interest. For Western
blot following IP experiments, HRP-conjugated TrueBlot (18-8816-31, Rockland) anti-rabbit IgG secondary anti-
body was utilized to avoid detecting denatured IgG heavy chain near 50 KDa.

RNA extraction, reverse transcription and quantitative real-time PCR (qQPCR). Total RNA
from HeLa cells and co-IPed RNA in anti-DDX6 IP experiments were extracted using TRIzol reagent (Life
Technologies) and were reverse-transcribed into cDNA using SuperScript III First-Strand Synthesis System (Life
Technologies) with random hexamer priming, following the suppliers’ protocols. For RNA extraction from RIP
samples, glycogen (molecular biology grade, Roche) was used to promote RNA precipitation according to the
supplier’s recommendation. The resulting cDNA were further analyzed with quantitative real-time PCR using iQ
SYBR Green Supermix (Bio-Rad) and gene-specific primer sets. Fold changes in gene expression level analyses
were calculated by AAC(t) method, using GAPDH mRNA as reference for normalization. Fold enrichments in
RIP-gPCR were calculated by 2/ [Cyyi(t) — Cypiippxs(t)]. Primers for gPCR are listed in Supplementary Table S3.

Quantitative mass spectrometry and analysis. HeLa cells transfected with control siRNA (siDDX6 mm)
or DDX6 targeting siRNA (siDDX6 pm). At 48 hours post-transfection, the transfected HeLa cells were harvested
and fractionated with NE-PER cytoplasmic and nuclear extraction kit (Thermo Scientific) as described above.
Both the nuclear and the cytoplasmic fractions were reduced with dithiothreitol (DTT) and S-alkylated with iodo-
acetic acid (IAA). Subsequently, the protein samples were digested with endoproteinase Lys-C and trypsin, fol-
lowed by differential isotopic labeling®. The labeled samples were then fractionated with strong cation exchange
(SCX) chromatography®’. The SCX-fractionated samples were subsequently analyzed with liquid chromatography
coupled to tandem mass spectrometry. Protein identification was performed with Swiss-Port or RefSeq protein
database. Ambiguous peptides were aggregated with Perseus software (http://www.perseus-framework.org/).
Protein quantification was performed with MaxQuant software. The spectral intensities were used as estimation
of protein abundance for each protein groups, and were logl0-transformed and (geometric) mean-centered to
give comparable intensity distributions.

Protein structures, visualization, and K/R-rich NLS prediction. Published crystal structures of
DDXG6, including apo state DDX6 (4CT5), co-crystalized DDX6 (4CT4, with CNOT1 MIF4G domain), and DDX6
NTD (1VEC), are available at Protein Data Bank (PDB) of Research Collaboratory of Structural Bioinformatics
(RCSB). The three crystal structures were downloaded from PDB as pdb files and were visualized with Protein
Workshop, an RCSB/PDB protein structure visualization software. The prediction of canonical K/R-rich NLS for
DDX6 was performed with the NucPred program implemented as a web-based tool®.
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