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Abstract

XBP1 variant 1 (Xv1) is the most abundant XBP1 variant and is highly enriched across cancer types but nearly none in normal tissues.
Its expression is associated with poor patients’ survival and is specifically required for survival of malignant cells, but the underlying
mechanism is not known. Here we report that Xv1 upregulates the polyglutamylase tubulin tyrosine ligase-like 6 (TTLL6) and promotes
mitosis of cancer cells. Like the canonical XBP1, Xv1 mRNA undergoes unconventional splicing by IRE1α under endoplasmic reticulum
stress, but it is also constitutively spliced by IRE1β. The spliced Xv1 mRNA encodes the active form of Xv1 protein (Xv1s). RNA
sequencing in HeLa cells revealed that Xv1s overexpression regulates expression of genes that are not involved in the canonical
unfolded protein response, including TTLL6 as a highly upregulated gene. Gel shift assay and chromatin immunoprecipitation revealed
that Xv1s bind to the TTLL6 promoter region. Knockdown of TTLL6 caused death of cancer cells but not benign and normal cells,
similar to the effects of knocking down Xv1. Moreover, overexpression of TTLL6 partially rescued BT474 cells from apoptosis induced
by either TTLL6 or Xv1 knockdown, supporting TTLL6 as an essential downstream effector of Xv1 in regulating cancer cell survival.
TTLL6 is localized in the mitotic spindle of cancer cells. Xv1 or TTLL6 knockdown resulted in decreased spindle polyglutamylation
and interpolar spindle, as well as congression failure, mitotic arrest and cell death. These findings suggest that Xv1 is essential for
cancer cell mitosis, which is mediated, at least in part, by increasing TTLL6 expression.

Introduction
Microtubules (MTs) are formed by polymerization of α-
and β-tubulins. Posttranslational modifications, such as
detyrosination/retyrosination, (poly) glutamylation and
(poly)glycylation constitute tubulin codes that regulate
MT mechanical properties, dynamics and protein inter-
actions (1,2). Of those modifications, polyglutamylation
is the most evolutionarily conserved from ciliates to
humans (1–3). It occurs via the addition of polyglutamyl
side chains to glutamate residues within evolutionarily
conserved C-terminal acidic motifs on both α- and β-
tubulin (4). A family of seven tubulin tyrosine ligase-like
(TTLL) enzymes catalyze this modification (2). Different
TTLL enzymes have preference to modify either α- or
β-tubulin and to either initiate or elongate glutamate
chains (5). Both mono- and polyglutamylation can be
reversed by a family of cytosolic carboxypeptidases(2).

Tubulin tyrosine ligase-like 6 (TTLL6) is a polyglu-
tamylase that catalyzes extension of polyglutamyl side
chains to regulate cellular activities, particularly cilia

structure and motility (2,5–8). Overexpression of TTLL6
strongly increases polyglutamylation of MTs in the cilia
axoneme and cell body of Tetrahymena and inhibits
cell proliferation and ciliary dynein-based motility (7).
Moreover, it stabilizes cytoplasmic MTs and destabilizes
axonemal MTs, suggesting that spatially restricted inter-
acting proteins may be responsible for these opposite
activities (9). Deletion of the two TTLL6 paralogs in
Tetrahymena causes severe deficiency in ciliary motility
associated with abnormal waveform and reduced beat
frequency (10). In zebrafish, TTLL6 knockdown decreases
tubulin polyglutamylation and affects cilia structure
and motility in olfactory placodes (11,12). The similar
function of TTLL6 is likely conserved in mammalian
cells (5). For example, TTLL6 is necessary for coordinated
beating behavior of ependymal cilia in developing mouse
brain (13). Mutation of regulators of TTLL6 entry into cilia
causes ciliopathy-related phenotypes in human cells,
zebrafish and mice and results in glutamylation defects
in the ciliary axoneme (14,15). Mutation of CEP41, a
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regulator of ciliary entry of TTLL6, causes Joubert syn-
drome characterized by cerebellar hypoplasia and neuro-
logical disorders (14). TTLL6 is also involved in amyloid-
β-induced neuronal damage in models of Alzheimer’s
disease (6,16). Oligomerization of amyloid-β causes
misssorting of tau into somatodendritic compartment
of neurons, leading to TTLL6 mislocalization into the
dendrites. TTLL6 then polyglutamylates MTs and triggers
spastin-mediated severing of dendritic MTs, leading to
decreases in MTs, a hallmark of Alzheimer’s disease
(6,16,17). TTLL6 also catalyzes polyglutamylation of non-
tubulin substrate proteins. For example, TTLL6 catalyzes
cyclic GMP-AMP synthase (cGAS) polyglutamylation,
which inhibits its DNA binding and represses the innate
immune response to viral infections (1,18). TTLL6 also
catalyzes Mad2 polyglutamylation and plays a critical
role in megakaryopoiesis (19).

XBP1 is a basic leucine zipper (bZIP) transcription
factor and a key mediator of the endoplasmic retic-
ulum (ER) stress-activated unfolded protein response
(UPR). A unique mechanism of XBP1 regulation is the
unconventional splicing of XBP1 mRNA to remove a 26-
nucleotide intron by IRE1α RNase under ER stress (20,21).
The splicing reaction creates a translational frameshift
to enable encoding the functional transcription factor
XBP1s. Recently, we reported a novel XBP1 variant,
namely XBP1v1 (Xv1) (22). Xv1 is highly enriched
in a large fraction of all cancer types found in the
Cancer Genome Atlas (TCGA) database with little to
no expression detected in normal tissues. Similarly,
Xv1 is widely expressed in different cancer cell lines
but not in normal and non-cancerous cells. Elevated
Xv1 expression is associated with poor survival for
patients with several types of cancer, including breast
invasive carcinoma, pancreatic adenocarcinoma, liver
hepatocellular carcinoma, sarcoma, bladder urothelial
carcinoma and head and neck squamous cell carcinoma
(22). Knockdown of Xv1 but not XBP1 causes death of
various types of cancer cells but not normal and non-
cancerous cells in vitro. Knockdown of Xv1 also inhibited
breast cancer growth in mouse xenograft. These results
suggest that Xv1 is specifically required for survival of
cancer cells.

In this study, we found that Xv1 mRNA is constitu-
tively spliced by IRE1β and also subject to ER stress-
induced splicing by IRE1α. The spliced Xv1 mRNA (Xv1s)
encodes the active Xv1s protein. Overexpression of Xv1s
upregulates TTLL6 but does not regulate the canonical
UPR. Further studies found that Xv1s regulates mitosis
of cancer cells, at least in part, through TTLL6-mediated
mitotic spindle polyglutamylation.

Results
Xv1 mRNA undergoes unconventional splicing
by both IRE1α and IRE1β in cancer cells
Xv1 acquires a cryptic first exon to replace the exon
1 of XBP1 but shares all the downstream exons with

the latter (22). Therefore, Xv1 mRNA has the same 26-
nucleotide intron contained in XBP1 mRNA, and we
predicted that the Xv1 transcript would undergo the
same unconventional splicing as XBP1 mRNA (20,21).
Using specific primers, both unspliced (Xv1u) and the
spliced (Xv1s) forms of Xv1 mRNA were detected to
various extents in all six cancer cell lines tested by
reverse transcription polymerase chain reaction (RT-
PCR) (Fig. 1A). Immunoblotting using a rabbit polyclonal
antibody UMY162 that was raised against a common
peptide in XBP1u/s and Xv1u/s proteins (see antigen
peptide sequence in Methods section) confirmed that
Xv1s protein is expressed as a doublet in all six cancer
lines (Fig. 1B). The identity of Xv1s was validated
by knockdown of Xv1 mRNA (Fig. 1C). These results
suggest that Xv1 also undergoes unconventional splicing
like XBP1.

Next, we determined the role of IRE1α in Xv1 splic-
ing. HeLa cells that express low levels of Xv1s were
treated with tunicamycin to induce ER stress, which
activates IRE1α. The treatment resulted in a shift from
Xv1u to Xv1s, as well as XBP1u to XBP1s, as shown in
RT-PCR (Fig. 1D). Treatment with an IRE1α inhibitor, 4μ8C
(23), abolished the effects of tunicamycin on both XBP1s
and Xv1s (Fig. 1D). Immunoblotting also showed that, in
BT474 cells that highly express Xv1s, tunicamycin treat-
ment increased both XBP1s and Xv1s proteins, though to
a much less extent for the latter (Fig. 1E). The increases
in XBP1s and Xv1s proteins were reversed by 4μ8C treat-
ment (Fig. 1E). These results indicate that Xv1 can be
spliced by IRE1α under ER stress.

Unlike Xv1s that was readily detected under resting
condition by immunoblotting in BT474 and other can-
cer cell lines tested, XBP1s was hardly detected in the
same samples (Fig. 1B and E). It is known that both XBP1s
and XBP1u are unstable proteins degraded by protea-
some (24). Treatment of BT474 cells with proteasome
inhibitor bortezomib (BTZ) but not autophagy inhibitor
chloroquine increased the levels of XBP1u, Xv1u and Xv1s
proteins, but had little effect on XBP1s protein (Fig. 1F). In
addition, transient expression of Xv1 and XBP1 in HeLa
cells resulted in much higher ratio of Xv1s/Xv1u than
XBP1s/XBP1u (Fig. 1F, lanes 1 vs. 2, and G). These results
indicate that Xv1 mRNA and, to a much less extent, the
XBP1 mRNA are constitutively spliced in the cancer cells
examined, resulting in translation of more Xv1s protein
than XBP1s protein. Notably, 4μ8C treatment had little
effect on basal Xv1s protein level in BT474 cells without
tunicamycin treatment (Fig. 1F), suggesting that IRE1α is
not responsible for Xv1 constitutive splicing.

IRE1α has a paralog, IRE1β, that has the same
structural domains as IRE1α. In contrast to IRE1α,
which is ubiquitously expressed, IRE1β expression is
restricted to epithelial cells of the airway and diges-
tive system (25,26). Mining gene expression datasets
revealed that IRE1β but not IRE1α is upregulated in
multiple cancer tissues as compared with normal control
tissues (27) (Supplementary Material, Fig. S1). Previous
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Figure 1. Xv1 is spliced by both Ire1α and Ire1β in cancer cells. (A) RT-PCR of spliced (Xv1s) and unspliced (Xv1u) Xv1 mRNA in cancer cell lines. Positions
of specific primers used for Xv1s (P2 + P4) or Xv1u (P2 + P5) were shown in the diagram. (B) Immunoblotting of Xv1 in cancer cell lines. UMY162 antibody
was generated against a common peptide in XBP1u/s and Xv1u/s proteins. Ectopically expressed Xv1s and Xv1u were used as controls. Asterisk indicates
a non-specific band. (C) Immunoblotting of Xv1s in BT474 cells transfected with two different Xv1 siRNAs. (D) RT-PCR of HeLa cells treated with 4μ8C
(25 μM) or tunicamycin (Tun, 2 μg/ml) for 2 h. XBP1 or Xv1 specific primers were used to detect unspliced and spliced forms simultaneously. Note that
the spliced form runs faster than the unspliced form in the polyacrylamide gel electrophoresis for either XBP1 or Xv1. (E) Immunoblotting of BT474 cells
treated with 4μ8C (25 μM) or tunicamycin (Tun, 2 μg/ml). (F) Immunoblotting of endogenous Xv1u and Xv1s in BT474 cells treated with BTZ (2 μM) or
chloroquine (CQ, 50 μg/ml) as indicated for 4 h. HeLa cells transfected with XBP1 or Xv1 cDNA were used as controls. #, developed with higher sensitivity
ECL substrate. (G) Ectopically expressed Xv1 is highly spliced. Xv1 or XBP1 was expressed in HeLa cells. The band densities of the spliced and unspliced
forms were measured from the immunoblots. The ratios of the spliced form versus unspliced were plotted. n = 4. Unpaired t-test. (H) Inhibition of Ire1β

decreases Xv1s protein. BT474 cells were treated with Ire1β inhibiter #13 (29) for overnight. (I) Knockdown of Ire1β decreases Xv1s protein in BT474 cells.
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studies showed that IRE1α is activated by ER stress,
whereas IRE1β is constitutively active (28). Thus, IRE1β

may be responsible for the constitutive splicing of Xv1 in
cancer cells (Fig. 1A and B). In support of this possibility,
inhibition of IRE1β RNase by either a reported small
molecule inhibitor (29) or knockdown of IRE1β expression
decreased the basal levels of Xv1s protein in BT474 cells
(Fig. 1H and I). Notably, no Xv1u proteins were detectable
in IRE1β knockdown and IRE1β inhibitor treated cells
(Fig. 1H and I), which is likely because of its degradation
by the proteasome as seen in Fig. 1F. These data suggest
that Xv1 mRNA is constitutively spliced by IRE1β in
cancer cells.

Notably, the Xv1s band was detected migrating at
two molecular weights (a doublet) in immunoblots
(Fig. 1B and C) with the upper band more sensitive to
tunicamycin treatment (Fig. 1E). Treatment of BT474 cell
lysates with lambda protein phosphatase resulted in
a shift to the lower molecular weight form, suggesting
that the upper Xv1s protein band represents a phos-
phorylated species (Supplementary Material, Fig. S2A).
To identify the phosphorylation site(s), Xv1s-HA was
transiently expressed in HeLa cells and then immunopre-
cipitated. Mass spectrometry results showed that Xv1s-
HA was phosphorylated at Thr73, Ser162, Ser238 and
Ser240 (Supplementary Material, Fig. S2B). Mutagenesis
analyses suggest that Ser162 is a principal phosphoryla-
tion site that is required for the observed mobility shift
(Supplementary Material, Fig. S2C).

Xv1s is an active transcription factor that
does not regulate the canonical UPR
To determine whether Xv1s is the active form of Xv1
that regulates cancer cell survival, we performed rescue
experiments using siRNA-resistant complementary DNA
(cDNA) encoding Xv1s or Xv1u in Xv1 knockdown BT474
cells. Transient transfection of Xv1s but not Xv1u cDNA
efficiently rescued BT474 cell death in Xv1 depleted cells
(Fig. 2A and B), suggesting that Xv1s promotes cancer cell
survival.

Compared with XBP1s, Xv1s contains an identical
transactivation domain, a slightly shortened bZIP
domain and a unique N-terminal sequence immediately
upstream of the bZIP domain (20–22,30). We asked if
Xv1s acts as an active transcription factor. Immunoflu-
orescence revealed that ectopically expressed Xv1s was
localized in both the cytoplasm and the nucleus, whereas
Xv1u was mainly detected in the cytoplasm in HeLa
cells (Fig. 2C). Subcellular fractionation of BT474 cells
showed similar subcellular localization of endogenous
Xv1s protein (Fig. 2D).

The nuclear localization of Xv1s supported a potential
role as a transcription factor. We, therefore, determined
the effects of Xv1s overexpression on gene transcription
by RNA sequencing (RNA-seq) in HeLa cells. Gene set
enrichment analysis (31,32) showed that multiple biolog-
ical processes were significantly affected by Xv1s over-
expression (Fig. 2E). However, the UPR was not affected,

indicating that Xv1s does not regulate the canonical UPR.
To confirm the differential activities of XBP1s and Xv1s,
we transiently expressed Xv1s and XBP1s in BT474 and
MCF7ca cells and examined the expression of XBP1s
target genes, including DNAJC3, DNAJB9, BiP and HERP1
(33). As reported, XBP1s overexpression upregulated its
target genes, whereas Xv1s overexpression had no effect
on these UPR responsive genes (Fig. 2F). These results
suggest that Xv1s is a transcription factor that does not
regulate the canonical UPR.

Xv1s upregulates the polyglutamylase TTLL6
Further analysis of the RNA-seq dataset found that
TTLL6 is one of the top-upregulated genes by Xv1s
(Fig. 3A). RT-PCR confirmed TTLL6 mRNA upregulation
in HeLa cells overexpressing Xv1s (Fig. 3B). Consistently,
knockdown of Xv1 but not XBP1 markedly decreased
TTLL6 mRNA levels (Fig. 3C). We next asked whether
TTLL6 acts downstream of Xv1s in promoting can-
cer cell survival. TTLL6 siRNAs were transfected in
BT474 cells and the benign MCF10A cells were used
as a control. Like Xv1, TTLL6 knockdown caused
apoptosis of BT474 cells as indicated by caspase 3/7
activation but not in non-cancerous MCF10A cells
(Fig. 3D–F). TTLL6 siRNA transfection-induced apoptosis
of BT474 cells was rescued by transient transfection
of siRNA-resistant TTLL6 cDNA (Fig. 3G and H), sug-
gesting that the siRNA specifically targeted TTLL6.
Importantly, transient transfection of TTLL6 cDNA
partially rescued BT474 cell death induced by Xv1
knockdown as evidenced by decreased caspase 3/7
activity (Fig. 3I and J). These results suggest that TTLL6
is a downstream effector of Xv1 function in cancer cell
survival.

We then asked whether Xv1s directly binds to TTLL6
promoter and controls TTLL6 expression. Different
regions of the putative promoter of TTLL6 were cloned
and electrophoretic mobility shift assay (EMSA) was
performed to identify the Xv1s binding region (34)
(Fig. 4A). An ∼0.6 kb region (F5) that is localized in the
putative promoter region is sufficient for Xv1s binding
(Fig. 4A and B and Supplementary Material, Fig. S3). A
luciferase reporter under the control of this promoter
region was stably expressed in MCF7ca cells (Fig. 4C).
Knockdown of Xv1 but not XBP1 significantly decreased
the reporter activity (Fig. 4D), suggesting that the pro-
moter region F5 contains the response element for Xv1s.
Chromatin immunoprecipitation (ChIP)-quantitative
PCR (qPCR) was used to determine Xv1s binding to the
TTLL6 promoter in cells. Two fragments in the promoter
region F5, designated as regions C and D, were enriched
more than 10-fold by ectopically expressed Xv1s as
compared with the control (Fig. 4E and F). The same
sequences were not significantly enriched by XBP1s
ectopic expression (Fig. 4E and F). EMSA confirmed that
both C and D contained Xv1s binding sites (Fig. 4G).
Consistently, the promotor region F5 efficiently drove a
luciferase reporter expression, deletion of C and D from

https://academic.oup.com/hmg/article-lookup/doi/10.1093/hmg/ddac010#supplementary-data
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Figure 2. Xv1s is an active transcription factor that does not regulate the canonical UPR. (A) Xv1s rescues the effect of Xv1 RNAi. BT474 cells were first
transfected with plasmids and then received a second transfection with siRNAs as indicated. Caspase 3/7 activities were monitored in live cells. n = 12
independent fields per condition. Data are means ± SEM for all graphs. (B) RT-PCR for A. (C) Immunofluorescence staining of HeLa cells transfected with
HA-tagged Xv1u or Xv1s. (D) Nuclear cytoplasmic fractionation of BT474 cells treated with DMSO or BTZ (2 μM) for 2 h. Tubulin and Lamin A/C were
blotted as cytoplasmic and nuclear markers, respectively. (E) Biological processes regulated by Xv1s in HeLa cells. RNA-seq datasets obtained from HeLa
cells transfected with Xv1s cDNA and vector control were analyzed using Gene Set Enrichment Analysis software and Molecular Signature Database
(MSigDB). (F) Xv1s does not affect the expression of the known XBP1s target genes. BT474 and MCF7ca cells transfected with Xv1s or XBP1s were analyzed
for expression of XBP1 target genes, including DNAJC3, DNAJB9, BiP and HERP1.

F5 (F5AB) dramatically decreased the activity (Fig. 4H).
Moreover, F5-driven siRNA-resistant TTLL6 expression
efficiently rescued BT474 cells from apoptosis caused by
TTLL6 RNAi, whereas F5AB failed to rescue the effects

and also did not express TTLL6 (Fig. 4I and J). These
data suggest that Xv1s binds to the TTLL6 promoter and
transcribes TTLL6 gene, which further supports Xv1s as
a transcription factor.
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Figure 3. Xv1 mediates cancer cell survival through upregulation of TTLL6 expression. (A) Volcano plot of RNA-seq dataset obtained from HeLa cells
transfected with Xv1s cDNA or vector control (Xv1s vs. vector). (B) RT-PCR of TTLL6 in HeLa transfected with vector or Xv1s cDNA. (C) RT-PCR of TTLL6
in BT474 cells transfected with indicated siRNAs. (D and E) Caspase 3/7 activity in live BT474 cells transfected with TTLL6 siRNAs. The knockdown
efficiencies were detected by RT-PCR (E). n = 12 independent fields per condition. (F) Caspase 3/7 activity in live MCF10A cells transfected with TTLL6
siRNAs. n = 12 independent fields per condition. (G and H) siRNA-resistant TTLL6 cDNA rescues the effect of TTLL6 RNAi. BT474 cells were first
transfected with plasmids and then received a second transfection with siRNAs as indicated. Caspase 3/7 activities were monitored in live cells. TTLL6
levels were detected by RT-PCR (H). n = 12 independent fields per condition. (I and J) TTLL6 rescues Xv1 knockdown-induced death of BT474 cells. BT474
cells were first transfected with vector or TTLL6 cDNA and then received a second transfection with siRNAs as indicated. Caspase 3/7 activities were
monitored as aforementioned (I). TTLL6 and Xv1 levels were detected by RT-PCR (J). n = 12 independent fields per condition. Data are means ± SEM for
all graphs.

Previous studies showed that overexpression of
TTLL6 induces MT polyglutamylation and promotes MT
severing in interphase HeLa cells (8). By immunoflu-
orescence, we found that TTLL6 was also enriched

in interpolar spindle and possibly also kinetochore
MTs of mitotic BT474 cells (Fig. 5A), which coincides
well with the reported pattern of spindle glutamyla-
tion (35). Immunofluorescent staining of HeLa cells
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Figure 4. Xv1 mediates cancer cell survival through upregulation of TTLL6 expression. (A) Schematic of TTLL6 promoter. (B) EMSA. Probes used were
shown in A. (C) Schematic of TTLL6 promoter reporters. (D) TTLL6 promoter reporter assay. MCF7ca cells stably expressing NanoLuc driven by TTLL6
promoter region F5 were transfected with siRNA as indicated. NanoLuc activity was measured from equal amount of proteins for each sample 48 h
after transfection. The relative luciferase activity of each sample was plotted as percentage to negative control siRNA (NCsi)-transfected sample, by
comparing their luminescent units. n = 3. Unpaired t-test for each sample versus NCsi control. (E and F) ChIP-qPCR. ChIP was performed using HeLa
cells expressing vector control or HA-tagged Xv1s or XBP1s. Xv1s-HA and XBP1s-HA expression levels were shown by immunoblotting of the chromatins
(E). The enrichment of each TTLL6 promoter fragment indicated in C was measured by qPCR (F). n = 3. Unpaired t-test. (G) EMSA. Probes used were shown
in C. (H) TTLL6 promoter reporter assay. BT474 cells were transfected with vector or TTLL6 promoter reporters as indicated in C. NanoLuc (luciferase)
activity was measured from equal amount of proteins for each sample 24 h after transfection. The relative luciferase activity of each sample was
plotted as folds to vector transfected sample, by comparing their luminescent units. n = 4. Unpaired t-test. (I and J) Rescue of cell viability in BT474 cells
knockdown of TTLL6 by siRNA-resistant TTLL6 cDNA driven by different TTLL6 promoter fragments. siRNA-resistant TTLL6 cDNA was expressed in
BT474 cells under the control of TTLL6 promoter region F5 or F5AB that deleted the Xv1 binding regions C and D. Then the cells were transfected with
negative control siRNA or TTLL6si-1 siRNA as indicated. Caspase 3/7 activities were monitored in live cells (I). TTLL6 levels were detected by RT-PCR (J).
n = 12 independent fields per condition. Data are means ± SEM for all graphs. n.s., not significant; ∗∗, P < 0.01; ∗∗∗, P < 0.001.
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with overexpressing mCherry-TTLL6 or knocking down
TTLL6 validated the specificity of the anti-TTLL6
antibody (Supplementary Material, Fig. S4). Importantly,
knockdown of TTLL6 caused reduction of inter spin-
dle MTs and unsuccessful chromosome congression
(Fig. 5A), which was accompanied by decreases in
polyglutamylation of both total MTs and spindle MTs
(Fig. 5B–E). In agreement with our observation that TTLL6
acts a downstream effector of Xv1, Xv1 knockdown
almost phenocopied the effect of TTLL6 knockdown,
whereas XBP1 knockdown showed no effect (Fig. 5B–E).
Xv1 or TTLL6 knockdown did not affect the length and
width of mitotic spindle (Fig. 5F and G). These results
suggest that Xv1-mediated TTLL6 expression plays an
important role in mitosis. To obtain further support,
we assessed the mitotic index in BT474 and MCF7ca
cells 48 h after Xv1 or TTLL6 siRNA knockdown, a
timepoint when minimal apoptosis has been activated
(22). Normal human retinal pigment epithelial-1 (RPE1)
cells were used as a control. Knockdown of XBP1
was performed for comparison. The results showed
that knockdown of either TTLL6 or Xv1 increases
mitotic index by about 3- to 5-fold as compared with
control knockdown, whereas XBP1 knockdown cells
had no effect (Fig. 5H and Supplementary Material, Fig.
S5). RPE1 cells did not express either Xv1 or TTLL6
(Supplementary Material, Fig. S6A). Transfection of siR-
NAs targeting Xv1, TTLL6 or XBP1 did not affect mitosis
of RPE1 cells (Fig. 5H and Supplementary Material, Fig.
S6B and C). In addition, knockdown of Xv1 or TTLL6
arrested mitosis mainly at prometaphase and metaphase
in both BT474 and MCF7ca cells with misaligned chro-
mosomes in 55–60% mitotic cells (Fig. 5I–K). Knockdown
of XBP1 had no effects on mitosis (Fig. 5I–K). Notably,
knockdown of Xv1 or TTLL6 had no effect on tubulin
detyrosination (Supplementary Material, Fig. S7). These
results suggest that Xv1 is required for successful
completion of mitosis of cancer cells, which is mediated,
at least in part, by upregulation of TTLL6 to catalyze
polyglutamylation of spindle MTs.

Downregulation of TTLL6 by RNAi correlates with
decreases in spindle polyglutamylation and interpolar
MTs (Fig. 5A–E). This result is consistent with previous
reports that polyglutamylation stabilizes MTs and
increases MT mass by promoting GTP-tubulin incorpo-
ration (36,37). Thus, loss of polyglutamylation in Xv1 and
TTLL6 knockdown cells would decrease spindle mass.
Consistently, we observed that the end-binding protein 1
(EB1) that preferentially binds to the growing ends of MTs
by sensing GTP-tubulin (38–40) colocalized with spindle
MTs with a clear concentration at the plus ends (around
the spindle equator) in control and XBP1 knockdown
cells (Fig. 6A). In contrast, the EB1 localization to spindle
markedly decreased in Xv1 and TTLL6 knockdown cells
compared with control cells (Fig. 6A and B).

The reduction in spindle MT polyglutamylation in
Xv1 and TTLL6 knockdown cells led us to examine
its acetylation, because it has been postulated that
polyglutamylation may facilitate acetylation of MTs

(41). In support of this possibility, we demonstrated a
drastic decrease in spindle MT acetylation in both Xv1
and TTLL6 knockdown cells (Fig. 6C and D). To determine
the cause for the misalignment of chromosomes in Xv1
and TTLL6 knockdown cells, we examined the stability
of kinetochore fibers (k-fibers). It is known that k-fibers
are depolymerized in cold-treated cells when not stably
end-on attached to kinetochores (42). The results showed
that cold-resistant k-fibers were disorganized and some
chromosomes were not attached to k-fibers in Xv1
and TTLL6 knockdown cells, as revealed by examining
colocalization of cold-resistant k-fibers and kinetochores
labeled by α-tubulin antibody and the anti-centromere
antibodies (ACAs), respectively (Fig. 6E). Thus, the failure
in MT attachment to kinetochore may cause failure in
chromosomal congression. Together, these data suggest
a key role of the Xv1 in spindle MT polyglutamylation
and acetylation, and in maintaining spindle structure,
dynamics and chromosome-kinetochore attachment,
which is, at least in part, mediated by TTLL6. Loss of
function of the Xv1 and TTLL6 impairs mitosis, leading
to cancer cell death.

Discussion
We have previously reported that Xv1 is highly enriched
in cancer tissues and is specifically required for survival
of a variety of cancer cells (22). We have now identified
a novel IRE1β-Xv1-TTLL6 pathway that specifically regu-
lates mitosis of cancer cells. Loss of cell cycle control is
a hallmark of cancer and has been a proven drug target
for cancer therapy for decades. However, the current cell
cycle-targeted drugs in general have a low therapeutic
index because of severe toxicity to normal cells (43,44).
Therefore, strategies that target cell cycle features that
are distinct to cancer cells are desirable (43,44). These
features are likely regulated by genes or gene variants
that are enriched or specifically expressed in cancer cells
(43–46). Discovery of the IRE1β-Xv1-TTLL6 pathway that
operates specifically in cancer cells to promote mito-
sis may provide new opportunities to develop cancer
selective anti-mitosis drugs that could overcome the low
therapeutic index of the pan-acting drugs. In addition,
the elevated expression of Xv1 could serve as a phar-
macogenetic biomarker for drugs that target this novel
pathway.

Like XBP1, Xv1 activation also starts with unconven-
tional splicing of its mRNA (Fig. 1). Both XBP1 and Xv1
mRNAs are spliced by IRE1α under ER stress, but our data
support that Xv1 mRNA is also constitutively spliced by
IRE1β. This is consistent with previous reports that IRE1β

is constitutively active in cells (28,47). Although IRE1β

has been shown to regulate airway mucin production
through splicing XBP1 mRNA (48), most studies reported
that IRE1β shows minimal RNase activity toward XBP1
(26,49–51) and is not involved in UPR (52). Moreover,
IRE1β has been shown to assemble with IRE1α and
inhibit IRE1α-mediated XBP1 splicing under ER stress
(51). Elements in XBP1u mRNA and protein that are
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Figure 5. Knockdown of Xv1 or TTLL6 decreases polyglutamylation of MT and induces mitotic arrest in cancer cells. (A) Knockdown of TTLL6 causes
spindle disorganization. MTs were stained with a α-tubulin antibody. (B and C) Knockdown of Xv1 or TTLL6 decreases MT polyglutamylation. Total MTs
were isolated from BT474 cells transfected with different siRNA as indicated and processed for immunoblotting (B). Band density of polyE was normalized
to that of α-tubulin and plotted (C). n = 3 experiments. (D and E) Knockdown of Xv1 or TTLL6 decreases polyglutamylation on spindles. BT474 cells
transfected with different siRNA as indicated were immunostained for polyE and MT (D). The immunofluorescence intensities of polyE were quantified
and normalized to MT staining (E). n = 15 (NCsi), n = 21 (Xv1si-1), n = 17 (XBP1si), n = 21 (TTLL6si-1) spindles. (F and G) Knockdown of Xv1 or TTLL6 does
not affect spindle size. BT474 cells transfected with different siRNA as indicated were immunostained for MT. The length (F) and width (G) of the spindles
in prometaphase/metaphase cells were measured by Image J. n = 35 (NCsi), n = 35 (Xv1si-1), n = 32 (XBP1si), n = 35 (TTLL6si-1) spindles. (H) Mitotic index.
BT474, MCF7ca or RPE1 cells were transfected with different siRNA as indicated. Two days after siRNA transfection, mitotic cells and total cells were
counted on the basis of the DNA and MT staining. n = 3 replicates. (I and J) Knockdown of Xv1 or TTLL6 arrests cells mainly at prometaphase/metaphase
in BT474 (I) and MCF7ca (J) cells. Mitotic cells were counted as in H and grouped into two groups: prometaphase and metaphase (Prometa/Meta), and
anaphase and telophase (Ana/Telo). n = 3 replicates. (K) Knockdown of Xv1 or TTLL6 induces chromosome misalignment in BT474 and MCF7ca cells.
Cells containing misaligned chromosomes and total mitotic cells were counted as in H. n = 3 replicates. Unpaired t-test for each sample versus NCsi
control in each group. n.s., not significant; ∗∗∗, P < 0.001. Data are means ± SEM for all graphs.
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Figure 6. Knockdown of Xv1 or TTLL6 causes spindle defects. (A and B)
Knockdown of Xv1 or TTLL6 decreases EB1 binding on spindles. BT474
cells transfected with different siRNA as indicated were immunostained
for EB1 and MT (A). The immunofluorescence intensities of EB1 were
quantified and normalized to MT staining (B). n = 14 (NCsi), n = 18 (Xv1si-
1), n = 13 (XBP1si), n = 18 (TTLL6si-1) spindles. (C and D) Knockdown of
Xv1 or TTLL6 decreases acetylation on spindles in BT474 cells. Ac-α-
Tub, acetyl-α-tubulin. ACAs were costained to identify the kinetochore.
n = 8 (NCsi), n = 13 (Xv1si-1), n = 8 (XBP1si), n = 9 (TTLL6si-1) spindles.
(E) Knockdown of Xv1 or TTLL6 decreases kinetochore attachment with
cold-resistant spindle MTs in BT474 cells. Cells were cold-treated before
fixation. Arrows indicate the kinetochores that are not attached to cold-
resistant MTs. Data are means ± SEM for all graphs. Unpaired t-test for
each sample versus NCsi control. n.s., not significant; ∗∗∗, P < 0.001.

required for splicing by IRE1α are also found in Xv1u
mRNA and protein (53–56). Thus, it is not surprising that
both Xv1 and XBP1 mRNAs are spliced by IRE1α. Why
IRE1β preferentially splices Xv1 mRNA is not known. The
unique 5′ mRNA sequence and/or the novel N-terminus
of Xv1 protein may render the preferential splicing.
Further studies are required to address this issue.

Unlike XBP1s, Xv1s does not regulate the canonical
UPR, suggesting that the shorter bZiP domain and the
different N-terminal sequence in Xv1s may alter its DNA
binding preference. Using EMSA and ChIP-qPCR, we con-
firmed that Xv1s and XBP1s have different DNA binding

preferences and mapped Xv1s binding sites to two small
regions in the TTLL6 promoter (Fig. 4). In contrast, XBP1s
binding motifs were not identified in the two TTLL6 pro-
motor regions, suggesting that the binding motif of Xv1s
is different from that of XBP1s. In addition, our data sug-
gest that overexpressed Xv1s is phosphorylated at Ser162
and the phosphorylated Xv1s is localized in the nucleus
(Fig. 2B and C and Supplementary Material, Fig. S1). This
result raises interesting possibilities that the phospho-
rylation may regulate Xv1s transcriptional activity by
affecting its interaction with other transcriptional regu-
lators, binding to DNA and/or nuclear import.

The polyglutamylase TTLL6 was identified as a top-
upregulated gene by Xv1s (Fig. 3A–C). We showed that
it is localized in mitotic spindle (Fig. 5A). Knockdown of
TTLL6 or its upstream regulator Xv1s decreases spindle
polyglutamylation and interpolar MTs, impairs chromo-
some alignment and causes mitotic arrest and cell death
of breast cancer BT474 cells (Figs 3C and D and 5H–
J). In the non-cancerous breast epithelial cell MCF10A
that does not require Xv1 (22), knockdown of TTLL6
did not affect cell viability (Fig. 3). The same results
were observed in human normal eye pigment epithelial-
1 (RPE1) cells (Fig. 5H and Supplementary Material, Fig.
S6). These results support a function of the Xv1-TTLL6
pathway in mitosis that is unique to cancer cells.

The spindle defects caused by Xv1 knockdown are
likely the consequence of decrease in MT polyglu-
tamylation. Previous studies have reported a role of
MT polyglutamylation in cancer cell mitosis (35,57).
Tubulin glutamylation increases during mitosis and
the increase appears more obvious in pole-to-pole and
kinetochore MTs in HeLa cells (35). Microinjection of
anti-polyglutamylated tubulin antibody GT335 in G2
phase HeLa cells caused centrosome fragmentation and
multipolar spindle (57). However, the lack of knowledge
about the regulation of this tubulin modification during
mitosis precluded a complete understanding of its
functional significance. We have now demonstrated that
Xv1s transcribes TTLL6 that in turn promotes mitosis
of cancer cells. All cancer cells and the benign MCF10A
cells but not the normal RPE1 cells tested in this study
express variable levels of TTLL6; why cancer cells are
more dependent on this protein for mitosis is not well
understood. We speculate that Xv1s may also regulate
other protein(s) that acts together with TTLL6 to enhance
mitosis of cancer cells. Furthermore, it is conceivable that
non-cancerous cells have distinct upstream regulators of
TTLL6 transcription than cancer cells.

The decrease in polyglutamylation of mitotic spindle
is likely the central cause for the reduction of interpolar
spindle we have observed in Xv1 and TTLL6 knockdown
cancer cells. Previous studies have reported that polyglu-
tamylation stabilizes MTs and increases MT mass (36,37).
Polyglutamylation activates MT severing enzymes, such
as spastin and katanin (8,36,58–60). Severing of MTs cre-
ates nanoscale damages throughout the MT by active
extraction of tubulin heterodimers (36). These damage
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sites are repaired spontaneously by GTP-tubulin incor-
poration, which rejuvenates and stabilizes MTs, leading
to increases in MT mass (36,37). Thus, loss of polyglu-
tamylation in Xv1 and TTLL6 knockdown cells would
diminish severing enzyme-dependent repair and stabi-
lization, leading to decreases in interpolar spindle mass
(Figs 5 and 6). In support of this possibility, the local-
ization of the EB1 that preferentially binds to the grow-
ing MT ends by sensing GTP-tubulin (38–40) to spindle,
markedly decreased in Xv1 and TTLL6 knockdown cells
compared with control cells (Fig. 6A and B). Acetylation
of α-tubulin by tubulin acetyltransferase aTAT1 takes
place only in the lumen of MTs (61–64). aTAT1 may enter
the lumen of MTs through the damage sites created by
polyglutamylation-dependent severing (41). In support of
this possibility, we demonstrated a drastic decrease in
spindle MT acetylation in both Xv1 and TTLL6 knock-
down cells (Fig. 6C and D). Our data suggest that polyg-
lutamylation also regulates kinetochore fibers (k-fibers)
attachment to kinetochore. It is known that k-fibers are
depolymerized in cold-treated cells when not stably end-
on attached to kinetochores (42,65). We found that cold-
resistant k-fibers were reduced, disorganized and some
chromosomes were not attached to k-fibers in Xv1 and
TTLL6 knockdown cells (Fig. 6E). Together, our results
suggest a key role of spindle polyglutamylation regulated
by the Xv1-TTLL6 pathway in maintaining spindle struc-
ture, dynamics and acetylation all of which are involved
in mitotic progression of cancer cells.

Although the effects of Xv1s on MT polyglutamylation
were apparent, we cannot exclude the possibility that
Xv1s and TTLL6 may also regulate mitosis through
additional mechanisms. Previous studies have reported
that TTLL6 catalyzes cGAS polyglutamylation, which
inhibits its DNA binding and represses the innate
immune response to viral infections (1,18). TTLL6
also catalyzes Mad2 polyglutamylation, which plays a
critical role in megakaryopoiesis (19). How cGAS and
Mad2 polyglutamylation might be involved in mitosis
regulation warrants future investigation. Although the
mechanisms of the downstream events of Xv1 and TTL6
are not completely understood, mitotic arrest-induced
mitotic catastrophe and cGAS activation are the likely
causes of cancer cell death when the Xv1-TTLL6 pathway
is disrupted (66), (67).

Materials and Methods
Cell culture
HeLa, U251, U2OS, HepG2, MCF10A, RPE1 and BT474 cell
lines were purchased from ATCC. MCF7ca (MCF7 human
breast cancer cells transfected with aromatase gene)
cells were obtained from Dr Yun Qiu (University of Mary-
land, Baltimore).

All cell lines were grown at 37◦C with 5% CO2. MCF10A
cells were maintained in Dulbecco’s Modified Eagle’s
medium (DMEM)/F12 supplemented with 5% horse
serum, human epidermal growth factor (20 ng/ml),

hydrocortisone (500 μg/ml), insulin (10 μg/ml), cholera
toxin (100 ng/ml). Other cell lines were maintained in
DMEM supplemented with 10% fetal bovine serum.

Antibodies
Horseradish peroxidase (HRP)-conjugated streptavidin
(#3999) and antibody to α-tubulin (DM1A, #3873) were
purchased from Cell Signaling Technology. Antibody
to DNAJB9 (13157–1-AP) and HRP-conjugated α-tubulin
antibody (HRP-66031) were purchased from Protein-
tech. Antibody to acetylated α-tubulin (sc-23 950) was
purchased from Santa Cruz Biotechnology. Anti-β-
actin-peroxidase antibody (A3854), anti-tyrosinated α-
tubulin antibody (MAB1864–1), anti-detyrosinated α-
tubulin antibody (AB3201), anti-Lamin A/C antibody
(SAB4200236) and TTLL6 antibody (HPA052397) were
purchased from Sigma. Anti-centromere antibodies (15–
235) were purchased from Antibodies Incorporated. Anti-
polyglutamate chain (polyE) antibodies (AG-25B-0030)
were purchased from Adipogen. EB1 antibody (ab53358)
was purchased from Abcam. HERP1 antibody (TA507019)
was purchased from Origene. BiP antibody (610978)
was purchased from BD Transduction Laboratories.
DNAJC3 antibody (MA5–14820) was purchased from
Invitrogen. Anti-HA (3F10) antibody (11867423001) was
purchased from Roche. Ire1β antibody (MBS9210486)
was purchased from MyBioSource. HRP or Alexa Fluor
dye-conjugated secondary antibodies were all purchased
from Invitrogen.

To produce antibodies (UMY162) that can recognize all
XBP1u/s and Xv1u/s proteins, a common peptide of these
proteins (RQRLGMDALVAEEEAEAC) was synthesized by
Peptide 2.0 Inc. (Chantilly, VA). A cysteine was added to
the C-terminus for conjugation of the peptide to key-
hole limpet hemocyanin to improve the immunogenicity.
UMY162 was purified from rabbit antiserum using the
same peptide that was biotinylated at the C-terminus
and bound to streptavidin magnetic beads (Thermo Sci-
entific, Waltham, MA).

Plasmid constructs
Xv1 cDNA with a HA-tag coding sequence fused to the
3′ end of Xv1s open reading frame (ORF) was synthe-
sized by Gene Universal Inc. and subcloned into pLVX-
EF1α-IRES-puro (Clontech). To express XBP1 and TTLL6,
XBP1 and TTLL6 cDNAs were amplified by RT-PCR from
U251 cDNA and cloned into pLVX-EF1α-IRES-puro. To
make pLVX-XBP1s-HA and pLVX-Xv1s-HA, the 26-base
pair intron sequence was removed by Q5 site-directed
mutagenesis kit (New England Biolabs). pLVX-Xv1u-HA
were constructed by PCR. To make pLVX-Xv1u-HA that
cannot be spliced by IRE1, two silent mutations were
made by QuickChange II site-directed mutagenesis kit
(Agilent) in IRE1 recognition sites, which breaks the stem-
loop structure for IRE1 recognition (68). For Xv1 RNAi res-
cue experiments, plasmids harboring Xv1 siRNA (Xv1si)-
resistant Xv1s-HA or Xv1u-HA cDNAs were made by
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site-directed mutagenesis. Two nucleotides in Xv1si-1-
targeting site were changed. Similarly, TTLL6si-1 siRNA-
resistant TTLL6 cDNA was made by site-directed muta-
genesis. TTLL6 promoter fragments were PCR amplified
from HeLa cell genomic DNA and inserted into pNL1.1 for
EMSA and promoter assay. To express TTLL6si-1 siRNA-
resistant TTLL6 under the control of TTLL6 promoter
fragment F5 or F5AB that deleted regions C and D, the
original EF1α promoter that drives TTLL6 expression was
replaced by F5 or F5AB, respectively. All constructs and
mutations were verified by DNA sequencing. All primers
used are listed in Supplementary Material, Table S1.

RT-PCR
Total RNA was prepared using Trizol reagent (Invitrogen)
according to the manufacturer’s protocol. Reverse tran-
scription was performed using ProtoScript® First Strand
cDNA Synthesis kit (New England BioLabs) using 2 μg
total RNA/reaction. Primers used in RT-PCR are listed in
Supplementary Material, Table S1.

RNA-seq
HeLa cells were transfected with vector or pLVX-Xv1s by
Lipofectamine 2000 (Invitrogen). Two days after transfec-
tion, total RNA was prepared from these cells using Tri-
zol reagent (Invitrogen) according to the manufacturer’s
protocol. The RNA samples were sent to Novogene Cor-
poration Inc. for quality control and RNA-seq services.
Skewer was used to trim adapters from paired end reads,
and HISAT2 was used to align sequences to Homo sapi-
ens National Center for Biotechnology Information refer-
ence genome assembly version GRCh38 (69–71). The align
reads were counted and assigned gene features using fea-
ture Counts as a part of the Subread package (71). Analy-
sis of counts was conducted using the R programming
language and Bioconductor libraries including edgeR,
limma and gene set variation analysis (GSVA) (31,72,73).
After counts were transformed and normalized, prepro-
cessing for modeling was conducted using the voom-
limma procedure before differential expression analysis.
GSVA enrichment was performed with MSigDB defined
gene sets (31,32).

RNA interference
Negative control #1 siRNA was purchased from Ambion.
All other siRNAs were synthesized by Sigma, including
Xv1si-1 (sense: 5′-CCUCUUAACUCGGACAUGAdTdT-
3′), Xv1si-2 (sense: 5’-CUCUCGUUAGAGAUGACCAd-
TdT-3′), XBP1si (sense: 5’-GACCCCUAAAGUUCUGC
UUdTdT-3′), TTLL6si-1 (sense: 5’-GAAACGUAUGAGAAG-
GAAAdTdT-3′), TTLL6si-2 (sense: 5’-GCUUUGCGACGAC-
CUCUUAdTdT-3′), IRE1βsi (sense: 5’-GGGAUUAAUGAA
ACUGCCAdTdT-3′). Lipofectamine RNAiMAX (Invitrogen)
was used to transfect siRNAs.

Database analysis
The relative expression levels of IRE1α and IRE1β in
the transcriptomic datasets genotype-tissue expression

(GTEx) and TCGA were analyzed using the TCGA TARGET
GTEx study (74). GTEx has expression data from normal
tissues, whereas TCGA contains the data from tumors
and a limited number of normal tissues near the tumors.

Live cell analysis
Real-time apoptosis was monitored using an IncuCyte@

S3 Live-Cell Analysis System (Sartorius). Cells were
seeded to 96-well plates. The next day, the culture
medium was replaced with fresh one containing
IncuCyte@ Caspase 3/7 Green reagent (1:2000 final),
which generates green fluorescence once cleaved by
activated caspase 3/7. The cells were then transfected
with different siRNAs with Lipofectamine RNAiMAX.
Green fluorescence was monitored by time-lapse imag-
ing and normalized to real-time cell confluence. For
rescue experiments, cells were first transfected with
plasmids using X-tremeGENE HP DNA Transfection
Reagent (Roche). Sixteen hours after transfection, the
cells were seeded to 96-well plates and then followed
the aforementioned protocol for siRNA transfection and
caspase 3/7-activity monitoring.

Nuclear cytoplasmic fractionation
BT474 cells were treated with dimethyl sulfoxide (DMSO)
or BTZ (2 μM) for 2 h. The nuclear and cytoplasmic
fractions were prepared from these cells using NE-PER™
Nuclear and Cytoplasmic Extraction Reagents (Thermo)
following the manufacturer’s protocol.

TTLL6 promoter assay
TTLL6 promoter F5 reporter plasmid was cotransfected
with pBABE-puro in 20:1 ratio into MCF7ca cells with
Lipofectamine 2000 (Invitrogen). Twenty-four hours
after transfection, the cells were selected with 6 μg/ml
puromycin. NanoLuc (luciferase) activity of each stable
clone was measured. The one that stably expressing
TTLL6 promoter F5 reporter was used in the TTLL6
promoter assays. The cells were transfected with
different siRNA as aforementioned. Forty-eight hours
after transfection, the cells were lysed in NanoLuc
assay buffer [100 mM MES pH 6.0, 1 mM CDTA, 0.5%
(v/v) Tergitol, 0.05% (v/v) Mazu DF 204, 150 mM KCl,
1 mM DTT] (75). Equal amount of protein was used to
measure NanoLuc activity with coelenterazine H (10 μM
final).

EMSA
Different TTLL6 promoter regions were PCR amplified
and clone into EcoR V site of pNL1.1. A set of biotin-
labeled primers were used to amplify these promoter
regions for EMSA. DNA fragment amplified from the
empty vector was used as control. To express Hi-tagged
Xv1s, cDNA of Xv1s was cloned to Nco I/Not I sites
of pET28a. The protein was expressed in BL21(DE3)
at room temperature by 0.5 mM isopropyl-β-D-1-
thiogalactopyranoside (IPTG) induction for 2 h. Then the
protein was purified using Ni-NTA (Qiagen) following the
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manufacturer’s manual following by dialysis against PBS.
EMSA was performed using 10 nM biotin-labeled probe
and 50 ng purified Xv1s in 100 mM Tris–HCl (pH 7.5),
100 mM NaCl, 2 mM MgCl2, 50 mg/ml bovine serum
albumin (BSA), 5% glycerol. The samples were separated
in 5% native polyacrylamide gel in 0.5 × TBE. The biotin-
labeled probes were detected with HRP-conjugated
streptavidin.

ChIP-qPCR
ChIP was performed using SimpleChIP® Enzymatic
Chromatin IP kit (Cell signaling technology) following
the manufacturer’s protocol. HeLa cells were transfected
with empty vector or pLVX-Xv1s-HA or pLVX-XBP1s-HA
for 24 h before cross-linking with 1% formaldehyde for
17 min at room temperature. Cross-linked chromatin
preparation of each sample containing 8 μg DNA was
used in ChIP. Anti-HA Affinity Matrix (Roche) that
specifically recognizes HA-tag was pre-blocked in 500 μL
of ChIP buffer containing 100 μg denatured herring
sperm DNA and 100 μg BSA for 1 h at 4◦C. The ChIP
samples were incubated overnight at 4◦C with rotation.
After proteinase K digestion, DNA bound to the beads
was purified and used in qPCR. A 2% input control for
each sample was also used in qPCR. Four sets of primers
were designed to amplify four different fragments in
TTLL6 promoter region. To calculate the relative level
for each fragment, the threshold cycle (Ct) value for
ChIP sample was normalized to the value for 2% input
control [�Ct = Ct (ChIP)-Ct (2% input)]. The relative level
was calculated as 2�Ct for each sample. Notably, the 2%
input controls for each fragment had similar Ct values in
all samples, confirming that equal amount of DNA was
loaded in each ChIP. To calculate the enrichment of each
fragment, the relative levels of Xv1s and XBP1 samples
were normalized to that of empty vector control.

MT isolation
MT isolation was performed as previously reported (76),
with some modifications. BT474 cells (∼1 × 106) trans-
fected with different siRNAs for 2 days were lysed in large
volume (2 ml) of PEM buffer [100 mM 1.4-piperazine-bis-
ethane sulfonic acid (PIPES), pH 6.9, 5 mM MgCl2, 1 mM
ethylene glycol tetraacetic acid (EGTA)] with 0.5% Triton
X-100 and 10 μM paclitaxel for 10 min at 37◦C. After
centrifugation at 20 000 × g for 10 min, the supernatant
containing free tubulin was removed. The pellet contain-
ing MTs was briefly washed with PEM buffer and then
lysed directly in sampling buffer for immunoblotting.

Immunofluorescence
For better labeling efficiencies, different fixation condi-
tions were applied to different primary antibodies. In
all cases, Alexa Fluor 488 or 594-conjugated secondary
antibodies were used to label the primary antibodies at
room temperature for 1 h. Nuclei were labeled with DAPI.

Fluorescent microscopy was performed using a Zeiss
Axiovert 200 M fluorescent microscope.

To analyze the localization of Xv1s and Xv1u, HeLa
cells growing on coverslips were transfected with pLVX-
Xv1s-HA or pLVX-Xv1u-HA using Lipofectamine 2000.
About 24 h after transfection, the cells were washed with
PBS and fixed in 4% paraformaldehyde (PFA) for 30 min
at room temperature. The cells were blocked in 3% BSA
and then labeled with rat monoclonal anti-HA antibody
(3F10, 1:1000).

To analyze the effects of knockdown Xv1 or TTLL6 on
polyglutamylation of MT, BT474 cells transfected with
different siRNAs for 2 days were fixed with an optimized
method to better preserve MT structures (77). Briefly,
the cells were prefixed in protein crosslinking reagent
dithiobis (succinimidylpropionate) (DSP) for 10 min at
37◦C. Then the cells were permeabilized with 0.5% Triton
X-100 in MT-stabilizing buffer (MTSB, 1 mM EGTA, 4%
PEG8000, 100 mM PIPES, pH 6.9) for 10 min at 37◦C
followed by fixation with 4% PFA in MTSB for 15 min
at 37◦C. After blocking in 5% goat serum in phosphate-
buffered saline (PBS) for 1 h, the cells were labeled with
rabbit polyE antibody (1:1000) and α-tubulin antibody
(DM1A, 1:800) for overnight at 4◦C. To label the localiza-
tion of TTLL6, BT474 cells were fixed as for polyE staining.
Rabbit polyclonal TTLL6 antibody (1:50) and mouse mon-
oclonal α-tubulin antibody (DM1A, 1:800) were used to
label TTLL6 and the MTs (MT) for overnight at 4◦C. TTLL6
and detyrosinated-α-tubulin were labeled with rabbit
polyclonal TTLL6 antibody (1:50) and detyrosinated-α-
tubulin antibody (AB3201, 1:500), respectively.

For EB1 staining, BT474 cells transfected with different
siRNAs for 2 days were also prefixed in DSP for 10 min at
37◦C and then fixed in cold methanol for 10 min at −20◦C.
Rat monoclonal EB1 antibody (1:500) was costained with
α-tubulin antibody (DM1A, 1:800) for overnight at 4◦C.

To costain acetylated α-tubulin and kinetochore,
BT474 cells transfected with different siRNAs for 2 days
were fixed in 4% PFA in culture media for 20 min
at 37◦C. The cells were labeled with mouse mono-
clonal acetylated α-tubulin antibody (1:500) and anti-
centromere antibodies [ACAs, 1:100) derived from human
CREST syndrome (calcinosis, Raynaud phenomenon,
esophageal dysmotility, sclerodactyly, and telangiectasia)
patient serum] for overnight at 4◦C.

To analyze cold stabilities of MTs in different knock-
down cells, BT474 cells transfected with different siRNAs
for 2 days were incubated in precooled PBS for 10 min
on ice. Then the cells were fixed at room temperature
for 10 min with 4% PFA in 100 mM PIPES pH 6.8, 10 mM
EGTA, 1 mM MgCl2, 0.2% Triton X-100 (78). ACAs and
α-tubulin antibody (DM1A) were then used to label the
kinetochores and MTs.

To analyze mitotic index, BT474, MCF7ca and RPE1
cells were transfected with different siRNAs for 2 days
and then fixed with cold methanol for 20 min at −20◦C.
MT was labeled with α-tubulin antibody (DM1A, 1:800)
and the nucleus was labeled with propidium iodide.
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Statistical analysis
Statistical significance was assessed by paired or
unpaired two-tailed Student’s t-test using GraphPad
Prism 7.0. For all analyses, P > 0.05 was considered not
significant (ns), whereas P ≤ 0.05 (∗), P ≤ 0.01 (∗∗) and
P ≤ 0.001 (∗∗∗) are considered statistically significant.

Supplementary Material
Supplementary Material is available at HMG online.
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