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Functional analysis of the microtubule-interacting 
transcriptome
Judith A. Sharp, Joshua J. Plant, Toshiro K. Ohsumi, Mark Borowsky, and Michael D. Blower
Department of Genetics, Harvard Medical School, Boston, MA 02115; Department of Molecular Biology, 
Massachusetts General Hospital, Boston, MA 02114

ABSTRACT RNA localization is an important mechanism for achieving precise control of post-
transcriptional gene expression. Previously, we demonstrated that a subset of cellular mRNAs 
copurify with mitotic microtubules in egg extracts of Xenopus laevis. Due to limited genomic 
sequence information available for X. laevis, we used RNA-seq to comprehensively identify 
the microtubule-interacting transcriptome of the related frog Xenopus tropicalis. We identi-
fied ∼450 mRNAs that showed significant enrichment on microtubules (MT-RNAs). In addi-
tion, we demonstrated that the MT-RNAs incenp, xrhamm, and tpx2 associate with spindle 
microtubules in vivo. MT-RNAs are enriched with transcripts associated with cell division, 
spindle formation, and chromosome function, demonstrating an overrepresentation of genes 
involved in mitotic regulation. To test whether uncharacterized MT-RNAs have a functional 
role in mitosis, we performed RNA interference and discovered that several MT-RNAs are 
required for normal spindle pole organization and γ-tubulin distribution. Together, these data 
demonstrate that microtubule association is one mechanism for compartmentalizing func-
tionally related mRNAs within the nucleocytoplasmic space of mitotic cells and suggest that 
MT-RNAs are likely to contribute to spindle-localized mitotic translation.

INTRODUCTION
Localization of mRNAs to specific subcellular destinations is impor-
tant for proper spatial and temporal control of gene expression. Ex-
amples of RNA localization are present in organisms ranging from 
bacteria to humans, indicating broad conservation of this type of 
posttranscriptional gene regulation (Holt and Bullock, 2009; Martin 
and Ephrussi, 2009; Montero et al., 2010). Furthermore, the inci-
dence of RNA localization within any given transcriptome may be 
quite prevalent, as a survey of ∼3000 mRNAs in Drosophila embryos 
demonstrated 70% of transcripts showing discrete localization pat-
terns (Lecuyer et al., 2007).

In the case of many well-studied examples, mRNA localization is 
critical for the spatial control of translation. The targeting of β-actin 
mRNA to lamellipodia of fibroblasts is important for translation of 
actin protein at the leading edge and cell motility (Kislauskis et al., 
1997; Condeelis and Singer, 2005). The dendritic localization and 
expression of CaMKIIα mRNA affect synaptic and behavioral plastic-
ity in mice (Miller et al., 2002). During early embryonic develop-
ment, position-dependent localization and translation of the bicoid, 
nanos, and oskar mRNAs within the Drosophila embryo is essential 
for proper embryonic patterning (Johnstone and Lasko, 2001).

Several studies have shown the importance of the interphase mi-
crotubule cytoskeleton and microtubule-dependent motors in local-
izing specific mRNAs. For example, an intact microtubule cytoskel-
eton is essential for the distribution of bicoid and oskar mRNAs in 
Drosophila embryos (Cha et al., 2001; Weil et al., 2006; Zimyanin 
et al., 2008) and the transport of vg1 mRNA to the vegetal pole of 
Xenopus oocytes (Yisraeli et al., 1990; Messitt et al., 2008). Mitotic 
spindle microtubules are also sites for concentrating specific tran-
scripts such as cyclin B (Raff et al., 1990; Groisman et al., 2000) and 
other mRNAs (Kingsley et al., 2007; Lecuyer et al., 2007). In addi-
tion, microtubules associate with polyribosomes and are sites of 
active translation, suggesting that some mRNAs targeted to mitotic 
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microtubules undergo translation in close proximity to the spindle 
(Suprenant, 1993; Groisman et al., 2000; Blower et al., 2007).

Previously, we reported the identification of microtubule-associ-
ated mRNAs isolated from egg extracts of Xenopus laevis using a 
microarray-based approach (Blower et al., 2007). However, use of 
microarrays to interrogate the transcriptome is limited to analyzing 
the expression levels of mRNAs present on the arrays. In the case of 
X. laevis, the arrays are largely composed of unannotated expressed 
sequence tags and do not provide a complete picture of transcrip-
tome complexity (i.e., no information on intronic sequences, un-
translated regions, or noncoding RNAs). In this study, to take advan-
tage of the sequenced genome and annotation resources of 
Xenopus tropicalis (Hellsten et al., 2010), we used RNA-seq to iden-
tify the complete microtubule-interacting transcriptome. Because 
RNA-seq has the ability to detect any transcribed sequence, this 
method provides an inherent advantage over microarray detection, 
which relies on hybridization to selected fragments of only known 
genomic sequences (Wang et al., 2009). Furthermore, the ability to 
align primary sequence data from RNA-seq experiments to anno-
tated gene models provides much more information than X. laevis 
microarray datasets. Using a combination of bioinformatic and 
RNA interference (RNAi) analysis of X. tropicalis RNA-seq data, we 
demonstrate the identification of microtubule-associated mRNAs 
(MT-RNAs) as a resource for discovering novel factors involved in the 
processes of spindle pole organization and centrosome structure.

RESULTS
Isolation and sequencing of MT-RNA from X. tropicalis eggs
To identify X. tropicalis transcripts associated with microtubules, we 
prepared a cytosolic extract from unfertilized eggs arrested in meta-
phase (cytostatic factor [CSF]; Hannak and Heald, 2006; Brown 
et al., 2007). Treatment of this extract with Taxol allowed the forma-
tion of stable microtubules that could be purified by sedimentation 
through a glycerol cushion (Figure 1A). Coomassie gel analysis con-
firmed that α/β-tubulin sedimented in a Taxol-dependent manner, 
and represented the major protein species recovered in these prep-
arations (Figure 1B). Lower levels of other proteins were also present 
in the Taxol pellet but not in preparations treated with the microtu-
bule-depolymerizing drug nocodazole, indicating that proteins in 
the Taxol fraction specifically associated with microtubules.

Next we examined general RNA composition in all X. tropicalis 
extract fractions using an Agilent Bioanalyzer (Figure 1C). Both rRNA 
and tRNA species were present in CSF extract and the microtubule-
containing Taxol pellet, consistent with previous findings that trans-
lation occurs on microtubules and spindles in X. laevis egg extract 
(Groisman et al., 2000, Blower et al., 2007). A line trace of the gel 
projection revealed the mRNA signal was markedly lower in the mi-
crotubule-containing Taxol pellet, most notably in the region mi-
grating above 28S rRNA, and suggested that a subset of mRNAs 
cosediment with microtubules in X. tropicalis.

To identify the mRNAs that associate with microtubules, we 
generated MT-RNA and CSF transcriptome libraries from poly-A 
purified RNA and performed Illumina platform sequencing (Mate-
rials and Methods). There are multiple incomplete annotation re-
sources for the X. tropicalis genome, with only partial overlap be-
tween the gene models contained within each of these databases. 
To optimize our detection of annotated transcripts, we aligned 
library sequences to both the Ensembl and RefSeq databases 
(Materials and Methods; Supplemental Table S1). We detected 
transcribed sequences for 10,335 Ensembl gene models and 7169 
RefSeq gene models, as depicted in Figure 1D and summarized in 
Supplemental Table S1.

To identify transcripts that show specific enrichment with micro-
tubules, we compared reads per gene model in the MT-RNA frac-
tion versus the whole transcriptome represented in CSF extract. The 
average log2(MT-RNA/CSF) read ratio was −0.40 (Ensembl) and 
−0.48 (RefSeq), confirming that most of the transcriptome is not 
preferentially associated with microtubules. To assign a quantitative 
definition for transcripts showing the strongest association with mi-
crotubules, we imposed a cutoff of two SDs above the average 
log2(MT-RNA/CSF) read ratio, reflecting a range of 3- to 36-fold mi-
crotubule enrichment. Approximately 3% of all RNAs detected 
within each database met this criterion (349 Ensembl and 218 Ref-
Seq transcripts), consistent with the findings for X. laevis (Figure 1D; 
data points plotted in red; Blower et al., 2007). The sequence read 
number for transcripts qualifying as MT-RNAs ranged from a few 
copies to the tens of thousands, demonstrating that transcript abun-
dance alone does not account for the observed enrichment of select 
transcripts with microtubules.

Inspection of reads aligned to the X. tropicalis genome revealed 
that 87% of sequences aligned to annotated exons of existing gene 
models (e.g., incenp, tpx2, and xkid; Figure 2, A–C). We also de-
tected transcribed sequences occurring just proximal to gene mod-
els (97% of all reads aligned to or within 5 kb proximal to annotated 
gene models), likely indicating heterogeneity in untranslated re-
gions (UTRs) of mRNAs (e.g., tpx2 and xkid; Figure 2, B and C). In 
addition, 2.5% of all reads aligned to annotated introns. These in-
trons were positioned in the 5′ UTR, coding, and 3′ UTR regions at 
frequencies roughly proportional to their incidence in the genome. 
In one example, we detected retention and polysome association of 
an intron occurring between exons 8 and 9 in the coding region of 
the xkid chromokinesin, which predicts a rare protein-coding iso-
form (Figure 2C and Supplemental Figure S1; Funabiki and Murray, 
2000). Using RT-PCR, we confirmed the presence of the intron-con-
taining transcript isoforms for the xkid, set, pdcl3, cpsf7, gtf2f2, and 
wnt11 genes (Supplemental Figure S1 and unpublished data), 
thereby confirming the RNA-seq intron data.

In cases in which sequences aligned to regions of the genome 
with no apparent gene models, we used the program TopHat to 
identify unannotated, multiexonic transcripts present in our data set 
(Trapnell et al., 2009). First, we identified splice junctions between 
transcriptional islands in our data set. We then subtracted all pre-
dicted splice junctions that overlapped with annotated exons and 
linked nongenic transcriptional islands using TopHat splice junction 
predictions (Materials and Methods). Using this approach, we identi-
fied an additional 83 protein-coding genes not identified in any X. 
tropicalis gene annotations (e.g., stag1; Figure 2D and Supplemen-
tal Table S1).

Together, these data demonstrate the power of RNA-seq to 
identify complete transcriptomes and indicate that most sequences 
present in the MT-RNA fraction represent full-length, spliced, pro-
tein-coding mRNAs.

X. tropicalis MT-RNAs are enriched with transcripts 
implicated in mitotic and cell cycle function
To determine the degree of overlap between gene models for 
Ensembl and RefSeq MT-RNAs, we used scaffold coordinates and 
BLAST to generate a combined list of MT-RNAs (Supplemental 
Table S2). This approach identified MT-RNA transcripts arising 
from 454 independent loci (Figure 3A). Furthermore, comparison 
of genes encoding X. tropicalis MT-RNAs to other vertebrate ge-
nomes revealed a high degree of conservation, with 95% of tran-
scripts having human and mouse orthologues (Supplemental 
Table S2).
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FIguRE 1: Purification and sequencing of MT-RNA. (A) Purification scheme to isolate MT-RNA. Eggs were harvested 
from female X. tropicalis frogs. After preparation of a cytoplasmic extract, Taxol was added to induce microtubule 
polymerization. Microtubules and MT-RNA were purified by sedimentation through a glycerol cushion. (B) Coomassie 
gel analysis of proteins isolated using the scheme described in A. Total CSF extract was compared with proteins 
sedimented in the presence of Taxol or nocodazole. (C) Bioanalyzer gel analysis of RNA isolated using the scheme 
described in A. RNA isolated from CSF extract was compared with RNA sedimented in the presence of Taxol or 
nocodazole. Both the gel projection and the line traces are shown. (D) RNA sequencing of CSF extract and MT-RNA. 
Sequences were aligned to the X. tropicalis genome and then compared with the Ensembl or RefSeq gene annotation 
databases to group sequences mapping to defined gene models. The scatter plots show read numbers per locus, 
plotted as a function of read number in CSF extract (x-axis) and read number in the MT-RNA fraction (y-axis). Data 
points that represent a value of 2 SDs above the mean log2(MT-RNA/CSF) ratio are plotted in red.
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Next we used quantitative RT-PCR to verify that transcripts iden-
tified as MT-RNAs were enriched on microtubules in independent 
extract preparations (Figure 3B). The MT-RNA transcripts cenpe, in-
cenp, ckap2, tpx2, xrhamm, cep290, eg6, cspp1, stil, cenpj, talpid3, 
and smc1a all showed quantitative enrichment in Taxol-stabilized, 
microtubule-containing fractions relative to their abundance in CSF 
extract. In contrast, the transcripts ttll4, ranbp3, and stag2 were ap-
proximately equally represented in the MT-RNA fraction and CSF 
extract. These data confirm that specific transcripts show quantita-
tive enrichment on microtubules and validate the accuracy of MT-
RNAs identified using RNA-seq.

To test whether transcripts with related Gene Ontology (GO) 
terms were enriched in the MT-RNA library, we used the National 
Institutes of Health (NIH) Database for Annotation, Visualization 
and Integrated Discovery (DAVID) Bioinformatics Resource (Huang 
et al., 2009). This database enabled us to extract GO terms for the 
X. tropicalis MT-RNAs, using the National Center for Biotechnology 
Information (NCBI) Gene ID for the human homologues as identifi-
ers. This approach resulted in a more comprehensive GO term list 
than any X. tropicalis annotation resource currently in existence. In 
addition, we performed functional annotation clustering to identify 
gene lists with related GO terms. Figure 3C shows the results of the 
top 10–ranked annotation clusters identified, which reflect DAVID 
enrichment scores of >3. Six of the 10 annotation clusters were 
composed of several genes that function in organizing the cell cy-
cle, microtubule cytoskeleton, centrosomes, and chromosome 
structure/segregation (Figure 3C and Supplemental Table S3). 
However, MT-RNAs were not found to be solely composed of tran-
scripts functioning in mitosis, as there were groups of genes identi-
fied that acted in distinct processes such as cell junction formation 

or RNA binding. From this analysis, we conclude that transcripts 
that regulate the cell cycle and mitotic apparatus are overrepre-
sented in the pool of microtubule-associated RNAs versus the ge-
nome at large, which suggests that MT-RNAs may play a role in 
controlling mitosis.

MT-RNAs interact with spindle microtubules in vivo
To investigate how MT-RNAs are spatially distributed with respect to 
spindle microtubules in vivo, we performed fluorescence in situ hy-
bridization (FISH) for select MT-RNAs in conjunction with tubulin im-
munofluorescence in X. laevis XL177 tissue culture cells (Figure 4). 
The MT-RNAs incenp, xrhamm, and tpx2 have known roles in regu-
lating spindle assembly (Wittman et al., 2000; Groen et al., 2004; 
Sampath et al., 2004) and were chosen for analysis since these tran-
scripts showed a high degree of microtubule enrichment in both the 
RNA-seq and quantitative RT-PCR assays. In contrast, β-actin mRNA 
did not show selective biochemical enrichment on microtubules, 
consistent with several studies showing the importance of the actin 
cytoskeleton for localization of β-actin mRNA (Sundell and Singer, 
1991; Latham et al., 2001; Oleynikov and Singer, 2003), and was 
used as a negative control.

We observed that incenp RNA showed two general staining pat-
terns within metaphase cells. In the first pattern, incenp RNA local-
ized throughout the spindle body and along astral microtubules. In 
the second pattern, incenp RNA particles were still observed on 
astral microtubules; however, incenp RNA within the spindle body 
was preferentially distributed on chromosomes, similar to the distri-
bution of incenp protein (Cooke et al., 1987; Mackay et al., 1993). 
Both xrhamm and tpx2 RNAs showed localization within the spindle 
body and along astral microtubules, with little staining of chromo-
somes.

In contrast, β-actin mRNA showed a markedly different staining 
pattern. Specifically, the majority of the β-actin RNA signal was pres-
ent in the form of small particles distributed throughout the nucleo-
cytoplasmic volume with no apparent selective association with mi-
crotubules. Because metaphase cells in XL177 cultures lack 
lamellipodia, these data are consistent with the diffuse localization 
pattern for β-actin RNA present in ∼70% of fibroblast cells (Latham 
et al., 1994; Shestakova et al., 2001). Larger β-actin particles were 
also present but tended to accumulate at the cell periphery rather 
than overlap astral microtubules. These data demonstrate that the 
MT-RNAs incenp, xrhamm, and tpx2 are associated with spindle mi-
crotubules in vivo. Furthermore, because XL177 cells are derived 
from tadpole-stage frogs (Ellison et al., 1985), these data argue that 
the incenp, xrhamm, and tpx2 RNAs associate with microtubules in 
somatic cell types as well as oocytes.

The appearance of incenp, xrhamm, and tpx2 mRNAs as discrete 
particles led us to consider whether these RNAs were components 
of P-bodies. P-Bodies are cytoplasmic ribonucleoprotein structures 
harboring proteins involved in the processes of mRNA decay and 
translational repression (Moser and Fritzler, 2010). P-Body motion in 
the cytoplasm is microtubule dependent (Aizer et al., 2008), sug-
gesting the possibility that some RNAs could associate with micro-
tubules via P-body association. We therefore tested whether the 
incenp, xrhamm, and tpx2 mRNA FISH signal overlapped with the 
integral P-body component gw182 (Eystathioy et al., 2003). Because 
P-bodies disassemble prior to mitosis, we were limited to examining 
interphase cells for these experiments (Yang et al., 2004; unpub-
lished data). As depicted in Figure 5, we observed that the incenp, 
xrhamm, and tpx2 mRNAs were observed in cytoplasmic particles, 
the vast majority of which were spatially distinct from gw182/P-bodies. 
We conclude the MT-RNAs incenp, xrhamm, and tpx2 are not 

FIguRE 2: RNA-seq data mapped to the incenp, tpx2, xkid, and 
stag1 loci. Peaks representing accumulated sequences (red) were 
plotted relative to existing gene models (blue). (A) The incenp gene 
on scaffold 306: 113565–123005. Peak scale represents 0–5547 
reads. (B) The tpx2 gene on scaffold 2319: 3641–9330. Peak scale 
represents 0–4751 reads. (C) The xkid gene on scaffold 1489: 
21516–28810. Peak scale represents 0–425 reads. (D) The stag1 gene 
in an unannotated region of scaffold 10: 2160151–2183813. Peak 
scale represents 0–109 reads.
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sequestered in translationally repressive cytoplasmic domains dur-
ing interphase and associate with spindle microtubules independent 
of P-bodies.

RNAi of human MT-RNA orthologues 
identifies novel genes that contribute 
to spindle pole morphology and 
γ-tubulin distribution
Our GO analysis indicated that the MT-
RNA population was enriched with tran-
scripts encoding proteins that contribute 
to mitosis, which suggested that uncharac-
terized genes in the data set might also 
encode proteins with mitotic functions. To 
test for a mitotic function of uncharacter-
ized MT-RNAs, we identified the human 
orthologues for 10 MT-RNA transcripts 
and performed RNAi in HeLa cells using 
endoribonuclease-prepared short interfer-
ing RNAs (esiRNAs; Figure 6; Yang et al., 
2002; Kittler et al., 2007). We chose to test 
several transcripts encoding coiled-coil 
domain-containing proteins (CCDC18, 
CCDC52, CCDC66, CCDC100, CCDC104, 
KIAA1731, TRIM36), as the coiled-coil mo-
tif was present in 100 of the 454 MT-RNAs 
(Supplemental Table S2) and is a domain 
associated with several proteins known to 
be involved in spindle pole and centrosome 
function (Compton et al., 1992; Yang et al., 
1992; Doxsey et al., 1994; Bouckson-
Castaing et al., 1996; Gergeley et al., 
2000). In addition, because CASC1/LAS1 
and TALPID3 have been suggested to in-
teract with tubulin and centrosomes, re-
spectively (Liu et al., 2007; Yin et al., 2009), 
these genes were also chosen for func-
tional analysis.

Real-time PCR analysis of transcript lev-
els confirmed that all MT-RNAs were effec-
tively depleted (∼70–97% knockdown) in 
our experiments (Supplemental Figure S2). 
We performed immunofluorescent staining 
for tubulin and the mitotic marker histone 
H3-S10P and scored the appearance of 
spindle morphology in mitotic figures with 
condensed chromosomes. RNAi of the STIL 
gene served as a positive control in these 
experiments since depletion of this MT-RNA 
transcript was reported to result in defective 
mitotic spindles in HeLa cells (Pfaff et al., 
2007).

In 9 of 10 experimental RNAi transfec-
tions to deplete MT-RNAs (CASC1, 
CCDC18, CCDC52, CCDC66, KIAA1731, 
STIL, TALPID3, TRIM36, and CCDC104), 
we observed that MT-RNA depletion re-
sulted in a significantly increased fre-
quency of abnormal spindle pole mor-
phology (Figure 6A). Abnormal spindles in 
knockdown cell populations often ap-
peared as a random array of microtubule 
fragments or bundles, with varying de-
grees of defective pole coalescence 

(Figure 6B). This phenotype occurred in an average ∼11–29% of 
cells in experimental transfections, compared with a 3.6% 

FIguRE 3: Bioinformatic and real-time PCR analysis of MT-RNA. (A) Venn diagram showing the 
degree of overlap for MT-RNAs identified from the Ensembl and RefSeq databases. A total of 
454 unique MT-RNAs were identified by RNA-seq. (B) Quantitative real-time RT-PCR was 
performed on selected transcripts (cenpe, incenp, ckap2, tpx2, xrhamm, cep290, eg6, cspp1, 
stil, cenpj, talpid3, and smc1a) identified as MT-RNAs by RNA-seq to confirm microtubule 
association. MT-RNA was isolated from X. tropicalis eggs as described in Figure 1 and was 
compared with total RNA from CSF extract. Several transcripts that did not show selective 
enrichment on microtubules (ttll4, ranbp3, stag2) served as controls. Error bars represent the SE 
from the mean of three independently prepared extracts. (C) GO analysis was performed to 
determine whether any GO terms were dominant among the transcripts identified as MT-RNAs. 
Shown are the top 10–ranked GO terms using the annotation clustering function of the NIH 
DAVID database.
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frequency in control transfections. In contrast, the frequency of 
multipolar spindles in both control and experimental transfec-
tions was similar (Figure 6A), showing that the effect of depleting 
MT-RNAs was specific to spindle pole organization.

In addition, we performed immunofluorescence for γ-tubulin to 
test whether centrosomes were affected by MT-RNA depletion 
(Figure 7). In control transfections and six of the experimental 
transfections, the vast majority of interphase cells had one to two 
γ-tubulin foci per cell, consistent with normal centrosome number. 
Of interest, we observed that knockdown of CASC1, KIAA1731, 

STIL, and TALPID3 resulted in a significant and reproducible in-
crease in the number of cells showing a dispersed cytoplasmic 
cloud of γ-tubulin (11–18% of cells; Figure 7A). In the case of the 
KIAA1731 RNAi data, we note that the observation of dispersed 
γ-tubulin is consistent with a recent report describing the loss of 
two other centrosome markers in cells depleted of the KIAA1731 
transcript (Knorz et al., 2010). On the basis of our results, we con-
clude that the CASC1, KIAA1731, STIL, and TALPID3 genes all 
contribute to maintaining normal cytoplasmic concentrations of 
γ-tubulin in the vicinity of the centrosome.

FIguRE 4: MT-RNAs associate with spindle microtubules in vivo. X. laevis XL177 cells were fixed and processed for 
combined immunofluorescence for tubulin and FISH as described in the Materials and Methods. (A) The fluorescence 
hybridization signal for the MT-RNAs incenp, xrhamm, and tpx2. β-actin was used as a control. (B) The RNA signal 
merged with tubulin immunofluorescence and DAPI staining to visualize spindle microtubules and chromatin. Scale bar, 
10 μm. (C) A selected area of the panels in B were enlarged four times. Scale bar, 2.5 μm.
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DISCUSSION
In sum, we used transcriptome sequencing to comprehensively sur-
vey the fraction of mRNAs associated with microtubules in X. tropi-
calis eggs and identified hundreds of mRNAs associated with micro-
tubules. The MT-RNAs incenp, tpx2, and xrhamm were distributed 
throughout the spindle region as well as on astral microtubules 
in vivo, suggesting that some MT-RNAs are targeted where the pro-
tein product is functionally required. We found that X. tropicalis 
MT-RNAs are enriched in genes known to be involved in cell divi-
sion, cytoskeletal and centrosome structure, and chromosome func-
tion. In addition, we demonstrated the utility of identifying MT-RNAs 
in discovering novel factors involved in the processes of spindle 
pole organization and centrosome structure. We conclude that mi-
totic microtubules are sites for sequestering mRNAs that encode 
functionally related proteins.

Our data suggest that one purpose for spindle localization of 
mRNAs is to translate proteins that function in mitosis in close 
proximity to the spindle and chromosomes. In the case of the 
cyclin B and xkid transcripts, microtubule targeting by CPEB fa-
cilitates polyadenylation-induced translation (Raff et al., 1990; 
Groisman et al., 2000; Eliscovich et al., 2008). Determining 
whether spindle microtubules and mitotic signaling pathways act 

to modulate the translational capacity for other MT-RNAs identi-
fied in this study will be an important goal for future study. Local-
ized translation is well known to play an important role in efficient 
protein function in large cells such as oocytes and neurons (Kin-
dler et al., 2005). However, our FISH data demonstrating that MT-
RNAs are also enriched near the site of protein action in tissue 
culture cells suggest that localized translation is also important in 
smaller, somatic cells.

Of interest, the global rate of translation is dramatically de-
creased during mitosis in higher eukaryotes to ∼25% of the rate of 
translation of interphase cells (Prescott and Bender, 1962; Pyronnet 
et al., 2001). The decrease in translation rate is caused by an inhibi-
tion of cap-dependent translation (Bonneau and Sonenberg, 1987), 
which results in an up-regulation of internal ribosome entry site 
(IRES)–dependent translation during mitosis. Of note, two mRNAs 
with known cell cycle–regulated IRES elements, odc1 and cdk11 
(Cornelis et al., 2000; Pyronnet et al., 2000), were found to be mod-
estly enriched on microtubules in our data set (1.2- and 3.1-fold, 
respectively). Several studies have shown that mitotic translation 
(Groisman et al., 2000) and inhibition of cap-dependent translation 
(Wilker et al., 2007) are important for proper mitotic progression. 
Our data set of MT-RNAs likely contains many new candidate 

FIguRE 5: MT-RNAs are distinct from P-body domains. XL177 cells were labeled with antibodies to gw182 and 
fluorescent probes to detect the incenp, xrhamm, and tpx2 mRNAs. Scale bar, 10 μm.
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mRNAs that are translated during mitosis, possibly by an IRES-
dependent mechanism.

The mechanism of how MT-RNAs are transported to spindle mi-
crotubules remains to be determined. One possibility would be that 
ribosomes complexed with MT-RNAs are targeted to the spindle 
apparatus, perhaps through an interaction made possible by na-

scent peptide synthesis. However, we previously demonstrated that 
active translation is not required for mRNA localization to microtu-
bules (Blower et al., 2007). Instead, we favor the hypothesis that 
mRNAs are actively transported to microtubules in a translationally 
repressed state (Besse and Ephrussi, 2008) using microtubule motor 
proteins.

FIguRE 6: RNAi of MT-RNAs results in defective spindle pole organization. (A) RNAi was performed in HeLa cells to 
deplete transcripts for uncharacterized MT-RNAs. In control transfections, siRNAs for green fluorescent protein were 
used. Bar graph showing the percentage of HeLa cells displaying either abnormal spindle pole organization (red) or the 
formation of supernumerary spindle poles (blue). The error bars represent the SE from three independent experiments. 
(B) Images showing examples of spindles observed in RNAi experiments. HeLa cells were stained with an anti-tubulin 
antibody to label spindle microtubules, an anti–histone H3-S10P antibody to label chromatin of mitotic cells, and DAPI 
to label DNA for both interphase and mitotic cells. Scale bar, 10 μm.
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Taken together, the RNAi data indicate that several MT-RNA 
transcripts are required to maintain normal spindle pole organi-
zation and centrosome structure. These MT-RNAs could be of 
particular importance in maintaining pole structure for the cen-
trosome-free meiotic spindle present in the oocyte. However, be-
cause these data were acquired in HeLa cells, which have cen-
trosomes, we envision that these MT-RNAs also participate in 
centrosome-driven mitotic spindle pole organization after fertiliza-
tion of the oocyte. This general role for MT-RNAs in spindle pole 

organization is likely to contribute to the accurate segregation of 
genetic material during the rapid cell divisions taking place in the 
early embryo. Four of nine MT-RNAs that showed a spindle pole 
organization phenotype upon RNAi-mediated depletion also 
showed an abnormal cytoplasmic distribution of γ-tubulin, sug-
gesting that these MT-RNAs could act in part to maintain pole 
structure through enforcing proper localization of γ-tubulin. This 
function could be of particular importance in the context of the 
fertilized oocyte, in which the sperm centrosome needs to be 

FIguRE 7: RNAi of MT-RNAs results in abnormal γ-tubulin distribution. (A) RNAi was performed in HeLa cells to deplete 
transcripts for the same MT-RNAs analyzed in Figure 4. Bar graph showing the percentage of HeLa cells with γ-tubulin 
dispersed throughout the cytoplasm. The error bars represent the SE from three independent experiments. (B) Images 
showing examples of γ-tubulin distribution observed in RNAi experiments. HeLa cells were stained with an anti-γ-tubulin 
antibody and DAPI to stain DNA. Scale bar, 10 μm.
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(www.ncbi.nlm.nih.gov/RefSeq) databases. Visualization of reads 
mapped to the X. tropicalis genome was performed using IGV 
2.0 software (Robinson et al., 2011). The aligned sequence read 
numbers totaled 2,004,856 and 2,455,598 for the CSF and 
MT-RNA libraries, respectively. After normalization between library 
samples, gene models with less than one read were subtracted 
from the data set, as were reads occurring antisense to gene mod-
els. The annotated sequencing data are listed in Supplementary 
Table S1.

Identification of unannotated genes
MT-RNA and CSF reads were pooled and used as input for the 
TopHat splice junction prediction program. We then wrote a custom 
Perl script to remove all predicted splice junctions that overlapped 
with annotated exons (RefSeq or Ensembl). We then searched for 
predicted splice junctions that mapped on the same strand of the 
same scaffold within 819 bases of one another, which is two SDs 
greater than the average exon length. We then captured groups of 
greater than two junction pairs that could be clustered in this man-
ner, which represents a transcript of at least three exons. Junction 
clusters were then manually inspected using the UCSC Genome 
Browser (http://genome.ucsc.edu) and BLASTX to identify protein-
coding genes.

gene Ontology
Identification of the human homologues to X. tropicalis MT-RNAs by 
BLAST analysis allowed us to assign an NCBI Gene ID to each MT-
RNA. We then used the NIH DAVID Bioinformatics Database 6.7 
(http://david.abcc.ncifcrf.gov) to identify the GO terms for 412 of 454 
MT-RNAs. Functional annotation clustering of the Gene ID list re-
sulted in identifying 153 total annotation clusters (Supplemental Table 
S3). The top-ranked annotation clusters, which were assigned DAVID 
enrichment scores of >3, were depicted as shown in Figure 2C.

Immunofluorescence and FISH
X. laevis XL177 cells (Ellison et al., 1985) were cultured in Leibow-
itz’s media containing 15% fetal bovine serum (FBS). Cells were 
fixed in BRB-80 containing 4% paraformaldehyde and 0.05% 
glutaraldehyde for 10 min and were extracted in BRB-80 plus 
0.5% Triton for 20 min. Microtubules were stained using the 
mouse anti-tubulin antibody DM1A (Sigma-Aldrich) at a 1:500 di-
lution, followed by an Alexa 488–conjugated anti–mouse anti-
body (Invitrogen) at 1:500 dilution. P-Bodies were stained using 
human antisera that recognize X. laevis gw182 (Eystathioy et al., 
2002; Lund et al., 2011), followed by an Alexa 488–conjugated 
anti–human antibody (Invitrogen) at 1:500 dilution. Cells were 
postfixed in 2% paraformaldehyde for 10 min to preserve anti-
body staining prior to FISH hybridization.

For RNAi experiments, HeLa S3 cells (a gift of A. Fischer) were 
cultured in DMEM media containing 10% FBS, 1× nonessential 
amino acids, and 2 mM l-glutamine. After transfection, cells were 
permeabilized in CSK buffer (10 mM PIPES, pH 6.8, 100 mM NaCl, 
300 mM sucrose, 3 mM MgCl2) plus 0.5% Triton for 30 s and fixed in 
phosphate-buffered saline (PBS) containing 4% paraformaldehyde 
for 10 min at room temperature. Immunofluorescence for tubulin 
was as described earlier. In parallel, cells were stained for γ-tubulin 
using the mouse GTU88 monoclonal antibody (Sigma-Aldrich) at 
1:1000 dilution, followed by the Alexa 488–conjugated anti–mouse 
antibody (Invitrogen) at 1:500 dilution. Coverslips were washed 
in PBS containing 0.2% Tween, stained with 4′,6-diamidino-2-
phenylindole (DAPI), and mounted in Vectashield (Vector Labs, 
Burlingame, CA).

significantly remodeled in order to form the spindle for the 
first mitotic division of the zygote (Felix et al., 1994; Stearns and 
Kirschner, 1994; Fry et al., 2000). We note MT-RNAs are likely to 
make additional contributions to pole organization since only a 
subset of genes tested showed an abnormal γ-tubulin distribution 
upon RNAi-mediated depletion. In sum, our study demonstrates 
that hundreds of mRNAs are localized to mitotic spindles and sug-
gests that spindle-localized translation is an important and novel 
mechanism of mitotic control.

MATERIALS AND METHODS
X. tropicalis MT-RNA purification and library preparation
X. tropicalis frogs were obtained from Nasco (Fort Atkinson, WI) and 
housed in accordance with the Massachusetts General Hospital Ani-
mal Facility Guidelines. CSF extract was prepared as described (Brown 
et al., 2007) except for a modification to increase egg yield. To induce 
egg laying, frogs were injected with 20 U of human chorionic go-
nadotropin (hCG; Sigma-Aldrich, St. Louis, MO) on two successive 
days, followed by a final injection of 200 U hCG on the third day.

To induce microtubule polymerization, Taxol was added to CSF 
extract at a final concentration of 10 μM. In control reactions, no-
codazole was added at a final concentration of 10 μM. After incuba-
tion for 30 min at room temperature, reactions were diluted with 10 
volumes BRB-80 (80 mM 1,4-piperazinediethanesulfonic acid 
[PIPES], pH 6.8, 1 mM MgCl2, 1 mM ethylene glycol tetraacetic acid) 
plus 30% glycerol. Diluted extract was layered over a 10-ml cushion 
of BRB-80 plus 60% glycerol and centrifuged for 10 min at 17,000 × 
g. The supernatant was aspirated, and the interface was washed 
twice with water. The Taxol pellet containing MT-RNA was then re-
suspended in TRIzol (Invitrogen, Carlsbad, CA) for RNA isolation. 
For comparison, an aliquot of total CSF extract was incubated simi-
larly and resuspended directly in TRIzol.

To generate CSF and MT-RNA libraries for Illumina sequencing, 
we prepared poly-A RNA from 25 μg of total RNA using an oligo-dT 
LNA (Exiqon, Vedbaek, Denmark) according to the manufacturer’s 
instructions. Approximately 0.5 μg of poly-A RNA was fragmented 
using 1× RNA fragmentation buffer (Applied Biosystems/Ambion, 
Austin, TX) for 5 min at 70°C to optimize gene coverage. Fragmen-
tation reactions were quenched and precipitated in ethanol. To gen-
erate end-tagged cDNA libraries, we used the reverse transcription 
reaction conditions described previously (Cloonan et al., 2008). The 
oligonucleotide 5′-CAAGCAGAAGACGGCATACGANNNNNN-3′ 
was used to attach the first linker sequence through random-primed 
first-strand cDNA synthesis. The oligonucleotide 5′-ACAGGTTCA-
GAGTTCTACAGTCCGACGATCGGG-3′ was used to as a G-rich 
anchor to append the second linker sequence to first-strand cDNA 
using the template-switching activity of MMLV reverse transcriptase 
(Clontech, Mountain View, CA). cDNAs were amplified using the 
Expand PCR Kit (Roche, Indianapolis, IN) and gel purified prior to 
precipitation in ethanol.

RNA-seq and alignment
X. tropicalis end-tagged cDNA libraries were sequenced at Mas-
sachusetts General Hospital on an Illumina GA2 sequencer. 
Sequences consisting of 12 base pairs and longer were aligned 
to the X. tropicalis JGI4.1/xenTro2 genome assembly (http://
genome.ucsc.edu), allowing for one mismatch or one insert/
deletion per read. Each read was divided by the number of inci-
dences in the genome, with reads aligning greater than five times 
removed to facilitate analysis. Reads were grouped by align-
ment to individual gene models according to the scaffold coor-
dinates specified in the Ensembl (www.ensembl.org) and RefSeq 
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