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Abstract

TTLL3 and TTLL8 are tubulin glycine ligases catalyzing posttransla-
tional glycylation of microtubules. We show here for the first time
that these enzymes are required for robust formation of primary
cilia. We further discover the existence of primary cilia in colon
and demonstrate that TTLL3 is the only glycylase in this organ. As
a consequence, colon epithelium shows a reduced number of
primary cilia accompanied by an increased rate of cell division in
TTLL3-knockout mice. Strikingly, higher proliferation is compen-
sated by faster tissue turnover in normal colon. In a mouse model
for tumorigenesis, lack of TTLL3 strongly promotes tumor develop-
ment. We further demonstrate that decreased levels of TTLL3
expression are linked to the development of human colorectal
carcinomas. Thus, we have uncovered a novel role for tubulin
glycylation in primary cilia maintenance, which controls cell prolif-
eration of colon epithelial cells and plays an essential role in colon
cancer development.
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Introduction

Tubulin posttranslational modifications play key roles in the regula-
tion of the microtubule (MT) cytoskeleton. Most of the known modi-
fications occur on the C-terminal tail domains of tubulin molecules
and are therefore exposed to the outer surface of MTs where essen-
tial interactions with diverse MT-associated proteins take place
(reviewed in: Janke & Bulinski, 2011). Particularly complex modifi-
cation patterns are generated by posttranslational addition of gluta-
mate or glycine side chains to the C-terminal tubulin tails (Eddé
et al, 1990; Redeker et al, 1994). In mammals, glutamylation has
been found in a variety of cells and tissues; however, particularly
high levels have been found on neuronal MTs (Audebert et al,
1994), centrioles (Bobinnec et al, 1998) and on the axonemes of
cilia and flagella (Gagnon et al, 1996; Million et al, 1999). Glycyla-
tion, in contrast, has so far been found exclusively in axonemes of
motile cilia and flagella in a wide variety of organisms (Bré et al,
1996). Only in some organisms, such as the unicellular ciliate Para-
mecium, cytoplasmic MTs are also glycylated (Bré et al, 1998).

Both MT glutamylation and glycylation have been shown to play
important roles in the function of motile cilia and flagella in several
organisms. While glycylation has been linked to the stability and
maintenance of these organelles, glutamylation has been found to
play a role in the coordination of ciliary beating (Xia et al, 2000;
Pathak et al, 2007, 2011; Rogowski et al, 2009; Wloga et al, 2009;
Kubo et al, 2010; Suryavanshi et al, 2010; Bosch Grau et al, 2013).
In contrast, less is known about the role of these two modifications
in primary cilia. So far, only a link between aberrant glutamylation
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and defects of primary cilia has been reported (Lee et al, 2012,
2013).

In mammals, tubulin glutamylation can be catalyzed by nine
glutamate ligases, also referred to as glutamylases or polyglutamy-
lases (van Dijk et al, 2007), while only two enzymes, TTLL3 and
TTLL8, are able to initiate glycylation on MTs (Rogowski et al,
2009). These two glycylases appear to be partially complementary in
the generation of MT glycylation, as only absence of both enzymes
led to the loss of motile cilia from ependymal cells in the brain ventri-
cles (Bosch Grau et al, 2013). This finding further suggested that
glycylation is an essential stabilizer of motile cilia in mammals, but
let open the question of the role of this modification in primary cilia.

In the present work, we address the impact of MT glycylation on
the integrity of primary cilia and study the role of glycylases in
tissue homeostasis and colorectal cancer development. We found
that TTLL3 is the only glycylase expressed in colon. Absence of
TTLL3, synonymous for absence of glycylation in colon, leads to
reduction of the number of primary cilia in colon accompanied by a
strong increase in cell proliferation in the colon epithelium. In
mouse embryonic fibroblasts, which express two glycylases (TTLL3,
TTLL8), primary cilia are lost only upon depletion of both genes.
This demonstrates that glycylation is important for primary cilia
maintenance, which controls cell cycle and tissue homeostasis at
least in colon epithelium. Finally, we established the relevance of
TTLL3 for colon cancer development by demonstrating the impact
of this gene in a mouse model for colitis-associated colon cancer,
which is coherent with a significant downregulation of TTLL3
expression in patients with colorectal cancer.

Results

Glycylating enzymes are important for maintenance of
primary cilia

Glycylation has so far only been observed in motile cilia; however,
nothing is known about the presence and the role of this modifica-
tion in primary cilia. To investigate the role of glycylating enzymes
for primary cilia, we used mouse embryonic fibroblasts (MEFs) that
express both glycylating enzymes, TTLL3 and TTLL8 (Fig 1A).
MEFs were grown in vitro and serum-deprived to assemble primary
cilia. Cilia and their basal bodies were visualized with antibodies for
acetylated o-tubulin and y-tubulin, respectively (Fig 1B). Quantifica-
tion of cilia numbers revealed that most of the cultured MEFs grow
primary cilia in control and tt[3~/~ MEFs (Fig 1C). This indicates
that loss of the glycylase TTLL3 does not affect primary cilia in
MEFs, which is similar to our observations in motile cilia of ependy-
mal cells (Bosch Grau et al, 2013).

Glycylation has so far not been reported in primary cilia. Using
the monoglycylation-specific antibody TAP952 (Bré et al, 1996), we
detected glycylation in primary cilia of both control and ttlI3~/~
MEFs, confirming that glycylation in these cilia can be present, even
in absence of TTLL3, indicating that the modification is carried out
by TTLLS8 alone (Fig 1D). The relatively weak labeling of primary
cilia grown on MEFs could be due either to relatively low glycyla-
tion levels in these very short primary cilia, or to the presence of
alternative modification sites on tubulin that are not detected by
TAP952. Thus, TAP952 might not be an optimal marker for glycylation
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of primary cilia, but is sufficient to prove the presence of this
modification in these organelles.

We next studied the impact of the loss of both TTLL3 and TTLL8
on primary cilia in MEFs. For this, control and ttl[3~/~ MEFs were
transfected with vectors expressing shRNA for TTLL8 and CFP. Cilio-
genesis was subsequently induced by serum starvation. Transfected
cells were identified by CFP fluorescence, and primary cilia were
labeled with anti-acetylated tubulin and anti-y-tubulin antibodies
(Fig 1E). The percentage of CFP-positive cells that carry a primary
cilium was determined (Fig 1F). Expression of scrambled shRNA
had no effect on ciliogenesis in control and ttl[37~/~ MEFs, while
depletion of TTLLS8 with two different shRNA constructs reduced the
number of ciliated cells by about 50% specifically in the ttll37~/~
MEFs. This shows that the absence of both glycylating enzymes,
TTLL3 and TTLLS, either induces ciliary loss or disturbs the assem-
bly of primary cilia (Fig 1F). Thus, primary cilia are, similar to their
motile counterparts, dependent on glycylation. This was unexpected,
as glycylation had never been detected in primary cilia before.

TTLL3 is the only glycylase expressed in the murine colon

To investigate whether both glycylases are present throughout the
mammalian organism, we analyzed the expression levels of
TTLL3 and TTLLS in a set of normal mouse tissues using reverse-
transcriptase PCR (qRT-PCR). While the relative expression levels of
the two glycylases varied between tissues, both enzymes were
detected in most of the tissues analyzed, with the exception of
colon, where only TTLL3 was found (Fig 2A).

To exclude the expression of trace amounts of TTLLS8 in colon,
we amplified TTLL3 and TTLL8 with RT-PCR using a very high
number of PCR cycles. As controls, we used two tissues that assem-
ble motile, highly glycylated cilia, that is, trachea and testis. Both,
TTLL3 and TTLLS8 are expressed in trachea and testes of wild-type
mice, while no expression of TTLL8 was detected in colon, even
after 40 PCR cycles (Fig 2B). The results of the PCR also corrobo-
rated the absence of TTLL3 in all tested tissues of /3™~ mice.

To localize the expression of TTLL3 in colon tissue, we used
ttl137/~ mice that carry a f-galactosidase insertion within the region
of the TTLL3 gene. TTLL3 expression, visualized by staining with
5-bromo-4-chloro-3-indolyl-B-D-galactopyranoside  (X-gal), was
detected in the epithelial cells from the bottom up to the top of the
crypts. This indicates that TTLL3 is expressed throughout the colon
crypts (Fig 2C). The B-galactosidase activity and thus TTLL3 expres-
sion were comparable between colon and testis confirming the
gRT-PCR analysis (Fig 2A).

We therefore conclude that the only enzyme available for cata-
lyzing glycylation in colon is TTLL3. Consequently, downregulation,
loss or enzymatic inactivation of TTLL3 are expected to result in the
absence or at least in a decrease of glycylating activity in colon cells
and should directly engender a loss of primary cilia.

Absence of TTLL3 leads to reduced numbers of primary cilia in
colon epithelium

As primary cilia have so far not been described in colon tissue, we
investigated ciliogenesis on cultured colon epithelial cells (CECs).
Confluent cultured CECs from control and ttlI3~/~ mice were grown
for 2 days under serum starvation and subsequently immunolabeled

© 2014 The Authors
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Figure 1. Glycylating enzymes and primary cilia formation in MEFs.

A The expression of TTLL3 and TTLL8 was analyzed by RT-PCR in samples from control and ttll3~/~ MEFs.

B Wild-type and ttll3~/~ MEFs were serum-starved for 2 days and labeled with anti-acetylated tubulin (red) and anti-y-tubulin (green) antibodies, and nuclei were

stained with DAPI (blue).

Percentage of ciliated cells (analyzed from B). Mean values + SEM are represented (control n = 4 mice; ttll3~/~ n = 4 mice; 50 cells counted per mouse).

MEFs as in (B) were stained with TAP952 (red) for monoglycylation. Arrowheads indicate TAP952-positive primary cilia.

MEFs were transfected with vectors coding for scramble and TTLL8 shRNA and CFP and starved for 24 h. Primary cilia were visualized with anti-acetylated tubulin

(red) and anti-y-tubulin (green) antibodies. Transfected cells were identified by CFP (blue). Blue lines indicate transfected, and white lines non-transfected cells. Cilia

are indicated by white arrowheads, and absence of cilia (identified by solitary basal bodies) by orange arrowheads.

F  Percentage of transfected, ciliated MEFs after scramble shRNA (control, n = 210 cells; ttll3~/~ n = 170 cells), TTLL8 ShRNA_585 (control n = 130 cells; ttl13~/~ n = 130
cells) and TTLL8 ShRNA_729 (control n = 175 cells; ttl3~/~ n = 210 cells). Data represent mean values of four independent experiments + SEM; *P < 10~2 by two-
tailed unpaired t-tests and Mann-Whitney post-test.

m g 0

Data information: Scale bars in (B), (D) and (E) are 10 pum.

with antibodies for E-cadherin (to identify epithelial cells) and for cilia on cultured CECs and identified the basal bodies (or centro-
detyrosinated a-tubulin (a specific marker of cilia and centrioles). somes) of those cells that did not grow cilia (Fig 3A). Counting the
Anti-detyrosinated tubulin staining clearly visualized short primary number of ciliated CECs in densely grown regions of the cell
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Figure 2. TTLL3 is the only glycylase expressed in colon.

A Expression levels of TTLL3 and TTLL8 analyzed in tissues of 4-month-old wild-type mice. Five independent mRNA samples were analyzed by qRT-PCR, and mean
values standardized to expression of Tbp are shown. Error bars represent SEM. Red box: note that no TTLL8 expression is detected in colon tissue.

B TTLL3 and TTLL8 expression analysis by RT-PCR in 4-month-old control and ttll3~/~ mice. TTLL3 expression is completely abolished in all tissues tested in ttli3 =~
mice, while TTLL8 expression levels are unchanged. No TTLL8 expression was detected in colon.

C Expression of TTLL3 detected by TTLL3-promoter—B-galactosidase (blue) on colon and testis tissue sections from 4-month-old mice. Scale bars are 100 pm. Tissues are

counterstained with Nuclear Fast Red.

cultures revealed a more than threefold decrease in the number of
ciliated CECs from ttll3~/~ mice as compared to controls (Fig 3B).
To confirm the presence of primary cilia in colon epithelium in
vivo, we investigated histological sections of mouse colon by immuno-
fluorescence using different ciliary markers. We found, however, that
many typical cilia markers such as antibodies for detyrosinated or
acetylated tubulin failed to detect specifically primary cilia in colon
tissue, which is in agreement with a previous report (Saqui-Salces
et al, 2012). Only an antibody for Arl13b, a specific marker of primary
cilia (Caspary et al, 2007), allowed us to detected primary cilia in the
epithelial layers of the crypts (Fig 3C). Yet, only a small amount of
epithelial cells were identified as being ciliated, most likely due to
difficulties with antibody accessibility in the tissue. Despite these tech-
nical limitations, quantitative analysis of the number of clearly identi-
fiable Arl13b-positive cilia demonstrated a reduction of the average
number of cilia per crypt in ttlI3~/~ colons (Fig 3D). While the

The EMBO Journal Vol 33| No 19 | 2014

numbers of cilia per crypt varied between crypts within each colon
analyzed, the mean values were strikingly similar between different
animals, thus confirming a reproducible and significant decrease in
the number of cilia in colon crypts of ttl[3~/~ mice (Fig 3E).

Thus, colonic epithelial cells are able to form primary cilia, and lose
cilia upon depletion of the unique glycylase TTLL3 in culture as well as
in vivo. Together with the observations in MEFs (Fig 1) and ependymal
cells (Bosch Grau et al, 2013), our results support a model in which the
majority of cilia, primary as well as motile, depend on posttranslational
glycylation. However, in the case of primary cilia, absence of glycyla-
tion leads only to a partial loss of cilia.

Loss of TTLL3 results in increased cell proliferation in colon

Primary cilia have been implicated in the control of cell division,
tissue homeostasis and signaling (Lin et al, 2003; Croyle et al,

© 2014 The Authors
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Figure 3. Primary cilia in colon epithelium.

A Colon epithelial cells (CECs) isolated from control (n = 7) and teli3 '~ (n = 6) mice at postnatal day 4 were cultured for 72-96 h and then serum-starved for 48 h.
E-cadherin (green) labeling revealed adherens junctions of epithelial cells. Primary cilia and centrioles (basal body or centrosome) were visualized with the anti-
detyrosinated tubulin antibody (red). Nuclei were stained with DAPI. Arrowheads indicate a representative primary cilium (control) and a basal body (or centrosome)
of a non-ciliated cell (ttll3’/’)4 Scale bars are 10 um.

B Quantification of the percentage of ciliated cells in clusters of E-cadherin-positive cells in CECs from control (n = 859) and ttli37/~ (n = 1,183) mice. Data are mean
values & SEM; *P <102 by two-tailed unpaired t-tests and Mann-Whitney post-test.

C Confocal images (maximum projection) of cryo-sections from colon stained with the antibody Arl13b (red) and DAPI (blue). Arl13b specifically labels primary cilia
(arrowheads). Cytoplasmic staining of stromal cells is non-specific, as Arl13b is a membrane protein (Cevik et al, 2010). The selected image shows a particularly high
density of detectable primary cilia. Scale bars are 20 um.

D Quantification of the number of clearly detectable Arl13b-positive ciliated cells per crypt. The relative numbers of crypts with 0, 1, 2, 3, 4 and more ciliated cells are
represented as mean values + SEM between individual mice (control n = 7; ttl3~'=n = 4). Total number of analyzed crypts: control = 259, tt/l3~/~ = 198.

E Average number of visualized ciliated cells per crypt. Mean values - SEM are shown. *P < 102 by two-tailed unpaired t-test and Mann—Whitney post-test.

2011; Saqui-Salces et al, 2012; Wilson et al, 2012). To explore the bromodeoxyuridine (BrdU) incorporation. BrdU was intraperitone-
impact of primary cilia loss in the absence of TTLL3, we assessed ally injected in control and ttI37/~ mice, and colons were
the proliferative activity and turnover of colon epithelia cells by dissected 2 h or 5 days after the injection. The number and

© 2014 The Authors The EMBO Journal Vol 33| No 19 | 2014 2251
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position of BrdU-positive cells in colon crypts were assessed with
anti-BrdU antibodies (Fig 4A). Two hours after injection, ttll3~/~
colons displayed nearly four times increased number of BrdU-
positive nuclei per crypt. Moreover, about 25% of these dividing
cells were localized in the central region of the crypts, where
virtually no proliferating cells were detected in wild-type colons
(Fig 4B). Thus, the absence of TTLL3 deregulates cell division in
colon epithelium.

To follow-up the fate of the faster-dividing cells, we analyzed
colon tissue 5 days after BrdU injection. At this time point, the
total number of BrdU-positive cells was lower in ttl3~/~ as
compared to control mice, and most of the BrdU-labeled cells in
ttl13~/~ mice were detected in the upper crypt compartment. In
contrast, BrdU-positive cells were still present in the central
compartment of the crypts in control animals. Thus, it appears that
ttl137/~ mice display a higher proliferation rate that is coupled to a
faster turnover of epithelial cells in the crypts. Most likely, the
high dynamics of the colon tissue balances the increased prolifera-
tion of colonic epithelial cells by efficient shedding and thus main-
tains a normal architecture of the colon. This is underlined by the
histochemical analysis of colon tissue, which revealed no obvious
changes in differentiation of colon epithelial cells such as goblet
cells (Supplementary Fig S1).

To confirm these observations on the cellular level, we isolated
CECs from control and ttlI3~/~ mice and cultivated them for 3 days
in vitro. DNA was stained with 7-aminoactinomycin D (7-AAD), and
the DNA content per cell was determined by flow cytometry
(Fig 4C). In wild-type CECs, about 20% of the cells had a DNA
content of > 2n, indicative of cells that are in S or in G2 phase/meta-
phase of the cell cycle (S + M). In contrast, about 45% of CECs from
ttll3~/~ mice were found to contain >2n DNA (Fig 4D). This
demonstrates that cultured CECs have a significantly higher mitotic
activity in the absence of TTLL3. As a consequence of this higher
proliferation activity in vitro, CECs from ttll3~/~ mice divided more
rapidly, as the significantly increased cell number after 48 h in vitro
revealed (Fig 4E).

We next compared the nuclear expression of cyclin D1, a
proliferation marker (Tetsu & McCormick, 1999), between colon
epithelial cells of control and ttl137/~ mice. The distribution of
cyclin D1 (Fig 4F and G) mirrors the distribution of BrdU-
positive cells 2 h after BrdU injection (Fig 4A and B), with an

Figure 4. Loss of TTLL3 results in increased proliferation of colon epithelium.

Glycylation links primary cilia to colon cancer  Cecilia Rocha et al

overall increase and a redistribution of cyclin D1-positive cells
into the middle and upper part of the crypts of ttlI3~/~ colons.
These findings confirm that absence of TTLL3 leads to increased
cell proliferation and accelerated tissue turnover in colon
epithelium.

Loss of TTLL3 results in the amplification of tumor development
in mice

Despite the strongly increased proliferation rates, ttl[3~/~ mice
have no gross abnormalities in colon tissue of young mice (2-3
months old). To assess the impact of TTLL3-deficiency on colon
homeostasis in more detail, we examined colons of ten ttl[3~/~
mice older than 16 months. Histological analysis did not show any
visible abnormality in the colon of ttll37/~ mice (Supplementary
Fig S2). This indicates that colon tissue has a high compensatory
potential for changes in proliferation rates. However, we
speculated that the increased proliferation rate in TTLL3-deficient
colon could promote cancer development.

To test this possibility, we used a well-established mouse model
of colitis-associated carcinogenesis (Tanaka et al, 2003; Suzuki
et al, 2004). In this model, initial mutagenesis is induced by the
intraperitoneal injection of azoxymethane (AOM), and subsequent
inflammation in the colon by periodic administration of dextrane
sodium sulfate (DSS) in the drinking water (Fig 5A). At the end of
the protocol, mice were dissected and colorectal tumors were
classified according to tumor stage and status of the Wnt signaling
pathway, a key pathway in CRC. We further
proliferative activity of colon cells by staining of the proliferation
marker Ki-67 (Supplementary Fig S3; Schlemper et al, 2000;
Lascano et al, 2012).

The colitis-associated carcinogenesis protocol (Fig SA) was
applied to a total of 26 control and 21 ¢tlI3~/~ mice in five indepen-
dent experiments. TtlI3~/~ mice showed an increase in tumor inci-
dence represented by an increased total number of lesions (Fig 5B
and C), as well as a significant increase of tumor size represented
by the total tumor area (Fig 5B and D). Tumors in controls and
ttli3~/~ mice displayed all standard characteristics, such as the loss
of goblet cell differentiation, increased expression of the prolifera-
tion marker Ki-67 (Scholzen & Gerdes, 2000) and nuclear accumulation
of B-catenin (Supplementary Fig S3). Finally, we characterized the

visualized

A Cell proliferation in colon crypts was analyzed by incorporation of BrdU. Representative pictures of BrdU immunohistochemistry (brown) 2 h and 5 days after
intraperitoneal injection of BrdU. Paraffin-embedded colon sections from control and ttl3~/~ mice were stained with anti-BrdU antibody and hematoxylin. Scale bar

is 100 pm.

B Quantification of BrdU-positive cells in three compartments of the crypts (see scheme) 2 h and 5 days post-injection. At least 30 crypts per mouse were counted in
three (2 h) and four (5 days) independent experiments (number of mice: 2 h control n = 3; 2 h ttll3~/~ n = 3; 5 days control n = 4; 5 days ttll3~/~ n = 4).

C Colon epithelial cells (CECs) from 4-month-old control and ttli3~/~ mice were cultured for 48 h, and DNA labeled with 7-AAD was quantified by flow cytometry. Two
representative DNA-content profiles are shown for wild-type and ttli3~/~ CECs. Cells in G1 phase as well as dividing cells (S phase and mitosis; S + M) were

quantified as indicated.

D Average number of cells in division (S + M) from quantifications as in (C). Bars represent SEM between different experiments (control n = 9; i3 n = 6).

E Relative increase in cell number (CECs) after 48 h in culture.

F Representative pictures of cyclin D1 staining (brown). Paraffin-embedded colon sections from control and ttl3~/~ mice were stained with anti-cyclin D1 antibody and

hematoxylin. Scale bar is 100 pm.

G Quantification of cyclin D1-positive cells in three compartments of the crypts (see scheme). At least 40 crypts per mouse were counted (control n = 8; ttll3~/~ n = 8).

Data information: Mean values with bars representing SD (B, G) or SEM (C, D) are shown. Significance values were determined by two-tailed unpaired t-tests and Mann—

Whitney post test (*P < 1072 **P < 1073).
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histopathological grading of AOM/DSS-induced tumors (Schlemper and intramucosal carcinoma in control and ttl[3~/~ mice (Fig SE).

et al, 2000). This suggests that absence of TTLL3 supports the transformation of
The quantification of the severity of the detected lesions (Supple- the colonic epithelium into neoplastic lesions resulting in an
mentary Fig S4) in a subset of 12 animals per group revealed a increase in number and size of tumorous lesions, but not in a

similar distribution of low-grade dysplasia, high-grade dysplasia progression to more severe lesions at the time point analyzed.
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Figure 5. Loss of TTLL3 promotes colon carcinogenesis.
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Ten-week-old mice of the control (n = 21) and the ttll3~/~ (n = 23) group were submitted to chemically induced colon carcinogenesis.

A Experimental timeline for AOM/DSS-induced CRC.

B Representative images of hematoxylin and eosin staining of paraffin-embedded colon sections prepared as “Swiss rolls”. Single tumors are delimited by black lines.

CD

Box plots of the average number of tumors per mouse (C) and the average total area of lesions per mouse (D) with a line indicating the median values. Dots

represent values lower than 10% and > 90% of the mean values. Error bars are SD. *P < 102,
E Distributions of lesions from different subtypes (Supplementary Fig S4) between control (n = 12) and ttli3~/~ (n = 12). Data are mean values between individual

mice + SEM.

The glycylase TTLL3 is downregulated in colorectal cancer

Similar to its murine ortholog, human TTLL3 is an active glycylase
expressed in most normal tissues (Supplementary Fig S5). The gene
has previously been linked to human colon cancer by the identifica-
tion of two cancer patients with two distinct somatic mutations in
the TTLL3 gene (Sjoblom et al, 2006). Both mutations lead to a loss
of detectable enzymatic activity of TTLL3, suggesting that the
enzyme could be directly involved in the development of colorectal
cancer (Rogowski et al, 2009). To investigate whether loss-of-
function mutations are frequent events in colorectal cancer (CRC),
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we sequenced 30 cDNAs and 42 genomic DNAs within the enzymat-
ically important conserved TTL domain of TTLL3. Since no addi-
tional mutations have been found in the tested samples, we
concluded that the above described glycylase-inactivating mutations
represent rare events in CRC. This is in agreement with a recent
report showing that TTLL3 is mutated in only one tumor among 276
CRCs using exome sequence analyses (Cancer Genome Atlas
Network, 2012).

Next, we analyzed TTLL3 expression levels in a large set of histo-
pathologically well-characterized tumor samples from patients that
had not received prior treatment. The samples were classified into

© 2014 The Authors
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normal colon tissue, colorectal adenomas, primary colorectal carci-
nomas and matched liver metastases (Fig 6A). qRT-PCR analysis
showed a significant downregulation of TTLL3 expression in
primary colorectal carcinomas and matched metastases, while

A normal colon tissue colorectal adenoma
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Figure 6. Decreased TTLL3 expression is linked to loss of primary cilia and
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expression levels in the benign colorectal adenomas were similar to
those of matched normal colon tissues (Fig 6B). These data unam-
biguously demonstrated that TTLL3 is associated to CRC progres-
sion via the downregulation of its expression in colon carcinomas.

primary colorectal carcinoma liver metastasis

c TTLL3 expression levels

negative control* Hela
[colon tissue

normal
CCD 841 |
swaso[ ]
SW620 — -
DLDA origin of colon cell lines
[ normal
cancer e CRC stage Il (AJCC 2010
origin LoVo O stage Il ( )
COLO 205 O CRC stage Il (AJCC 2010)
HCT116 [l CRC stage IV (AJCC 2010)
RKO [l Lung metastasis
T84
0 0.5 1.0 1.5

relative expression levels of TTLL3

colon carcinoma.

A Histopathological characterization of tissues used for expression analysis shown in (B). Normal colon tissue shows polarized epithelial cells with small, round, basally
located nuclei (1). Adenomas show maintenance of the integrity of the basement membrane (2), as well as alterations in epithelial polarity and cellular crowding (3).

Colorectal carcinomas show architectural disorganization (e.g. cribriform grow
(anisokaryosis and loss of nuclear polarity; 6). Liver metastases show marked d
is 200 pm.

B gRT-PCR analysis of TTLL3 expression in colon and tumor tissue samples from

th pattern; 4) and necrosis of the tissue (5), as well as high nuclear pleomorphism
esmoplastic stromal response (7) surrounding the invasive malignant glands. Scale bar

patients. Untreated human samples from colorectal adenomas (n = 44), primary

colorectal carcinomas (n = 59), liver metastasis (n = 27) and matched normal adjacent colorectal tissues (n = 136) are compared. Expression levels are normalized to
TATA binding protein (TBP) gene, and represented as mean values £ SD. Dots represent values lower than 1% (normal tissue) or 10% (other series) and > 99% (normal
tissue) or 90% (other series) of the mean values. Significance values were determined with ANOVA (**P < 1073, ***p < 10~ %)

C Expression levels of TTLL3 in human colon cancer cell lines (for details see Supplementary Table S1) and the colonic epithelial cell line CCD841 by qRT-PCR. Normal
colon tissue and HelLa cells are used as controls (*HeLa is a tumor cell line unable to grow cilia).
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To investigate whether the downregulation of TTLL3 expression
is a general feature of human CRC, we analyzed seven established
CRC-derived cell lines of different origin, as well as the colonic
epithelial cell line CCD 841 with qRT-PCR. While TTLL3 was
expressed at similar levels in normal colon tissue and CCD 841, it
was strongly downregulated in all tested CRC cell lines, which are
characterized by different mutation profiles (Fig 6C; Supplementary
Table S1). Thus, downregulation of TTLL3 expression is a general
feature of CRC that appears not to be associated with a specific
tumor subtype.

Discussion

Posttranslational modifications of tubulin are thought to fine-tune
MT functions in specific cells and tissues. Modifications that take
place on the C-terminal tails of tubulin are involved in the regula-
tion of interactions between MTs and associated proteins (reviewed
in: Janke & Bulinski, 2011). The three principal modifications found
in these tail domains are detyrosination, (poly)glutamylation and
(poly)glycylation. While first insights into the molecular mecha-
nisms that are controlled by detyrosination (Peris et al, 2006, 2009;
Bieling et al, 2008) and polyglutamylation (Kubo et al, 2010;
Lacroix et al, 2010) have been obtained, little is known about the
roles and mechanisms of glycylation.

In contrast to other tubulin modifications, glycylation has so far
only been detected in motile cilia and flagella in different organisms
(Bré et al, 1996). In line with this rather restricted occurrence of
glycylation, only three modifying enzymes are expressed in
mammals (Rogowski et al, 2009), in contrast to nine glutamylating
enzymes (van Dijk et al, 2007). Even more remarkably, only two of
the mammalian glycylases, TTLL3 and TTLLS, are able to initiate
glycylation on tubulin, while the third, elongating TTLL10 enzyme
elongates pre-formed glycine side chains on tubulin. Considering
that TTLL10 is enzymatically inactive in human (Rogowski et al,
2009) and that polyglycine side chains are generated very late in the
development of motile ependymal cilia in mouse, it is assumed that
the poly-character of glycylation is not essential in mammals.
However, monoglycylation, generated by the initiating glycylases
TTLL3 and TTLLS, is of key importance in the maintenance of
motile cilia (Bosch Grau et al, 2013).

Almost nothing was so far known about the role of glycylation in
primary cilia. Using MEFs and CECs, we now demonstrate that simi-
lar to motile cilia, primary cilia also depend on glycylation. However,
while motile cilia disassembled completely in the absence of TTLL3
and TTLL8 (Bosch Grau et al, 2013), primary cilia are only reduced
in numbers. The latter was observed in two entirely different cell
types (CECs and MEFs) and thus puts forward a concept that partial
loss of primary cilia in the absence of glycylation is a general feature,
and not cell-type specific. While glycylation is important for primary
cilia, it appears to be only one of several factors necessary to assem-
ble and maintain the structures of these organelles on cells. Many
cell lines that are commonly used in research have lost their ability
to grow primary cilia, and often these cells do not express TTLL3 or
TTLLS. Re-expression of these genes, however, does not induce cilio-
genesis in these cell lines (our unpublished observations).

The fact that a knockout mouse for TTLL3 showed no typical
cilia-related phenotypes (Fliegauf et al, 2007) suggested that TTLL8
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can functionally compensate loss of TTLL3 in vivo. However, this is
not true for colon, a tissue with no expression of TTLLS. This tissue
has so far been considered to have no primary cilia, which is most
likely related to the difficulty to detect them. We partially overcame
this problem using Arl13b, a primary cilia-specific marker, which
allowed us to detect primary cilia in some but not all cells present in
colon tissue sections. Despite this difficulty, we demonstrated a
statistically significant reduction of the number of cilia in the colons
of ttl13~/~ mice as compared to controls, which is coherent with the
strongly reduced number of primary cilia found on isolated ttll3~/~
colon epithelial cells (CECs).

Primary cilia can execute different functions by regulating cell-
cell communication and signaling (Gerdes et al, 2009; Goetz &
Anderson, 2010), and notably cell division (Pugacheva et al, 2007;
Kim et al, 2011; Li et al, 2011) and tissue homeostasis (Lin et al,
2003; Croyle et al, 2011; Saqui-Salces et al, 2012; Wilson et al,
2012). The colon epithelium is a tissue with a particularly high
proliferation rate and cell turnover. Cells are generated from stem
cells located at the base of the colon crypts and then migrate within
S days toward the top of the crypts, where they are removed by
mechanical shedding, which is associated with an anoikis-type of
cell death (Medema & Vermeulen, 2011). Despite this high prolifera-
tion rate, cell division is strictly controlled, as dividing cells are only
observed in the bottom of the crypts. It was thus remarkable to
observe that the number of dividing cells is more than doubled in
ttl13~/~ mice, and dividing cells are found in regions of the crypts
where no proliferation is seen in controls. Thus, we conclude that
absence of TTLL3 might perturb cell proliferation (Fig 7), though
the pathways affected by the loss of glycylation remain to be identi-
fied, and potential effects of glycylation on other proteins is yet
unknown. Strikingly, this overproliferation had no visible effect on
the global architecture of this organ, even in aged mice. This
suggests that the high turnover of the colon epithelium can tolerate
increased cell proliferation and assure tissue homeostasis by further
accelerating turnover. The defect only becomes apparent upon
induction of tumorigenesis, when the higher proliferation rates of
the colonic epithelial cells appear to promote a more rapid tumor
development.

Our findings suggest that perturbations of primary cilia can
promote cancer development in colon if other cancer-promoting
events occur. Indeed, the study that had discovered the first CRC-
related mutations in TTLL3 also identified another ciliary gene
related to CRC, polycystic kidney and hepatic disease 1 (PKHDI;
Sjoblom et al, 2006). While absence of the glycylase TTLL3 has a
selective effect on colon tissue (which does, in contrast to other
tissues, not express TTLL8), other factors that perturb glycylation
and thus affect the assembly or maintenance of primary cilia might
similarly amplify cancer development in other tissues (Fig 7).

In conclusion, we have demonstrated a role of posttranslational
glycylation for primary cilia, suggesting that this particular post-
translational modification is involved in the stabilization of ciliary
axonemes. Loss of primary cilia in colon epithelium led to aberra-
tions in cell proliferation, but not to apparent perturbations of tissue
homeostasis. In contrast, the ciliary defects had a significant impact
on cancer development. Analysis of tumors from patients with CRC
confirmed that lower expression levels of TTLL3 provide a risk
factor for colon carcinoma development, suggesting that TTLL3 has
the potential to become a prognostic marker for CRC.

© 2014 The Authors
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Figure 7. A model for the potential role of TTLL3 in the cell cycle.

Schematic representations of the different phases of the cell cycle with cells growing primary cilia in G; or Go phase. Our results indicate that these cilia are stabilized by
glycylation that can be catalyzed by either TTLL3, or by TTLL8 or by both enzymes (A). In the colon, only TTLL3 can carry out this role, and in the case of mutation,
downregulation or loss of TTLL3, glycylation is disrupted (B). As a result, cilia are destabilized and lost in a non-controlled manner. Considering the role of primary cilia in cell
cycle regulation (Pugacheva et al, 2007), we propose a model in which the ciliary disassembly directly determines the advancement of the cell cycle during S phase and at the
transition to mitosis (A). Absence of cilia would thus lead to uncontrolled entry and passage of the cell cycle (B). Schematic representation inspired by Ishikawa and Marshall
(Ishikawa & Marshall, 2011).
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Materials and Methods
Patient samples

Untreated human samples from colorectal adenomas, adenocarci-
noma, liver metastasis and matched normal adjacent colorectal
tissues were collected by the surgical oncology and stored in the
Biological Resource Center (BRC) of the Institut Curie, France (per-
mission No. A10-024). According to French regulations, patients
were informed of research performed with the biological specimens
obtained during their treatment and did not express opposition.
Disease stage of CRC was based on 7' revised edition of the AJCC
Colorectal Cancer.

Animal experimentation

Mouse experiments were performed in strict accordance with the
guidelines of the European Community (86/609/EEC) and the
French National Committee (87/848) for care and use of laboratory
animals. We used the B6N-ttl]3\m1aEVCOMMWISL mica carrying LacZ
reporter cassette that is inserted into the TTLL3 gene region. Expres-
sion of the LacZ gene is driven by the TTLL3 gene promoter and
allows localization of TTLL3 expression in tissues (Fig 2B), while at
the same time, the expression of the TTLL3 gene is disrupted
(Fig 2C).

Histology and immunohistochemistry

Organs were fixed in formalin solution for 16 h. Histological
examination was performed on paraffin-embedded sections and
stained for histopathological analysis. Immunohistochemistry was
performed on formalin-fixed and paraffin-embedded tissues cut into
4-um sections. After blocking with 10% goat serum, samples were
incubated with primary antibody for 2 h. Secondary antibodies were
either HRP-coupled anti-mouse or anti-rabbit IgGs, visualized with
3,3’-diaminobenzidine (DAB), or fluorescent-labeled anti-mouse/
rabbit antibodies. DNA was stained with 20 pg/ml 4',6-diamidino-2-
phenylindole (DAPI).

AOM/DSS model, tumor histology and histological grading
of tumors

For colitis-associated carcinogenesis, mice were intraperitoneally
injected with azoxymethane (AOM), followed by three cycles of
2.5% (w/v) dextrane sodium sulfate (DSS) administered in the
drinking water (Fig 5A). Colons were histologically analyzed as
described above.

Histological grading of AOM/DSS-induced
determined with blinded genotype according to Vienna classification
of gastrointestinal epithelial neoplasia (Schlemper et al, 2000).

tumors was

BrdU incorporation proliferation assay

Twelve-week-old mice were intraperitoneally injected with 100 pg/g
bromodeoxyuridine (BrdU). Colons were dissected 2 h or 5 days
following injection. Proliferating cells were detected with anti-BrdU
antibody, and BrdU-positive cells were quantified from at least
three animals per condition.
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p-galactosidase staining

To visualize TTLL3 promoter-driven lacZ expression, histological
sections stained with 5-bromo-4-chloro-3-indolyl-beta-D-
galactopyranoside (X-gal).

were

Cell culture

Cells were grown at 37°C, 5% CO, and 100% humidity. Cell lines were
cultured in DMEM medium containing 10% fetal bovine serum.

Mouse embryonic fibroblasts (MEF)

Cells were isolated from mouse embryos at embryonic day 13.5
(E13.5). Tissues apart from heads and internal organs were digested
with 0.05% trypsin, and cells were dissociated and grown in DMEM
medium/10% FBS, 55 uM p-mercaptoethanol and 100 uM of
nonessential amino acids. MEFs were transfected with JetPEIL. For
ciliogenesis, MEFs were cultured on coverslips until reaching
confluence and subsequently serum-starved for 24 h. Forty-eight
hours after transfection, cells were fixed with —20°C methanol and
submitted to immunofluorescence.

Primary colon epithelial cells (CEC)

CECs were isolated from mice at postnatal day 4 (P4). Colons were
trypsinized, and cells were dissociated, filtered and grown in
DMEM-F12 (1:1) medium with 20% FBS on fibronectin-coated
coverslips. Upon confluence, cells were serum-starved for 24 or
48 h for ciliogenesis, fixed with —20°C methanol and submitted to
immunofluorescence.

For cell cycle analysis, CECs were cultured in plastic dishes and
fixed after 48 h with -20°C 70% ethanol for 2 h. DNA was stained
with 7-aminoactinomycin D (7-AAD) in the presence of 0.1%
Triton X-100 and 100 pg/ml RNase at 37°C for 1 h. The DNA
content per cell was measured by flow cytometry on a
FACSCalibur.

Microscopy and imaging

Histological slides were scanned using Nanozoomer 2.0 HT scanner
with a 40x objective and visualized with the ndpi viewer. Fluores-
cent images were acquired on a brightfield microscope (Leica) using
Metamorph software or inverted Confocal SPS5 (Leica) using the
Leica LAS AF software. Images were processed with ImageJ. Fluo-
rescent secondary antibodies were labeled with Alexa 488, 568 and
647 fluorophores. Raw images were assembled and adjusted with
Adobe Photoshop.

RT-PCR and qRT-PCR

RNA was extracted from homogenized mouse organs or from cells
using TRIzol reagent following the standard protocol. RNA was
translated to cDNA with first-strand cDNA synthesis kit using the
dT;g primer. PCRs were carried out using standard protocols.
Quantitative RT-PCR was applied under standard conditions
using the SYBR Green Master Mix kit on the ABI Prism 7900
Sequence Detection System. The relative mRNA expression levels of

© 2014 The Authors
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each gene were expressed as the N-fold difference in target gene
expression relative to the TBP gene.

Statistical analysis

Statistical analysis was performed by two-tailed unpaired t-test
followed by Mann-Whitney post-test, ANOVA and unpaired t-test
followed by Dunn post-test using GraphPad Prism version 5.

Supplementary information for this article is available online:
http://emboj.embopress.org
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