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ABSTRACT Acetylation of α-tubulin on lysine 40 marks long-lived microtubules in structures 
such as axons and cilia, and yet the physiological role of α-tubulin K40 acetylation is elusive. 
Although genetic ablation of the α-tubulin K40 acetyltransferase αTat1 in mice did not lead 
to detectable phenotypes in the developing animals, contact inhibition of proliferation and 
cell–substrate adhesion were significantly compromised in cultured αTat1−/− fibroblasts. 
First, αTat1−/− fibroblasts kept proliferating beyond the confluent monolayer stage. Congru-
ently, αTat1−/− cells failed to activate Hippo signaling in response to increased cell density, 
and the microtubule association of the Hippo regulator Merlin was disrupted. Second, 
αTat1−/− cells contained very few focal adhesions, and their ability to adhere to growth sur-
faces was greatly impaired. Whereas the catalytic activity of αTAT1 was dispensable for 
monolayer formation, it was necessary for cell adhesion and restrained cell proliferation and 
activation of the Hippo pathway at elevated cell density. Because α-tubulin K40 acetylation 
is largely eliminated by deletion of αTAT1, we propose that acetylated microtubules regu-
late contact inhibition of proliferation through the Hippo pathway.

INTRODUCTION
A variety of posttranslational modifications (PTMs) decorate α- and 
β-tubulin. Although some PTMs have been involved in the regula-
tion of microtubule dynamics and the accessibility to microtubule-
associated proteins or severing enzymes (Janke and Bulinski, 2011), 
the precise function of most PTMs is largely elusive. Acetylation on 
lysine 40 of α-tubulin marks long-lived microtubules found in mitotic 
spindles, axons, and cilia and is generally believed to be a conse-
quence rather than a cause of microtubule stabilization (Rosenbaum, 
2000; Palazzo et al., 2003). However, the physiological role of αK40 
acetylated microtubules is unclear. Until recently, acetylated tubulin 

levels could only be manipulated by interfering with the function of 
the K40 deacetylases HDAC6 and SIRT2 (Hubbert et al., 2002; North 
et al., 2003). Problematically, these enzymes have multiple sub-
strates and deacetylase-independent functions (Zhang et al., 2007; 
Zilberman et al., 2009). The recent discovery of αTat1, the major 
α-tubulin K40 acetyltransferase in Tetrahymena, nematodes, and 
cultured mammalian cells (Akella et al., 2010; Shida et al., 2010), 
offers a unique opportunity to shed light on the physiological im-
portance of tubulin acetylation. In particular, genetic ablation of the 
αTat1 orthologue mec-17 in nematodes revealed that acetylation of 
α-tubulin on lysine 40 is essential for touch sensation and integrity 
of the axonal microtubules in touch receptor neurons (Akella et al., 
2010; Shida et al., 2010; Cueva et al., 2012; Topalidou et al., 2012). 
However, a general and conserved function for α-tubulin K40 acety-
lation remains to be determined.

Although no overt phenotype was observed in αTat1−/− mice, 
studies of cultured mouse fibroblasts revealed a role for α-tubulin 
K40 acetylation in cell adhesion and contact inhibition of prolifera-
tion. Our functional results suggest that acetylated microtubules pro-
mote Hippo signaling by facilitating Merlin delivery to its substrates.
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in αTat1−/− mice (Supplemental Figure S2B), despite the importance 
of acetylated microtubules for mechanosensation in nematodes. 
Thus the inner ear, cornea, and brain—all of them tissues with high 
levels of acetylated microtubules—appear unaffected by αTat1 
loss.

One possible explanation for the apparent lack of neural pheno-
type in αTat1−/− mice is functional compensation by other tubulin 
PTMs. To address this possibility, we measured the levels of tubulin 
PTMs associated with microtubule stabilization in wild-type and 
αTat1−/− brain lysates using quantitative immunoblotting and found 
no major differences (Figure 1D). We also assessed the organization 
of long-lived (detyrosinated) and dynamic (tyrosinated) microtubules 
in the cerebellar molecular layer and the hippocampus. In these re-
gions, the spatial distribution of detyrosinated and tyrosinated tubu-
lin was unchanged in αTat1−/− mice compared with wild-type mice 
(Supplemental Figure S3A). In particular, the global cytoarchitecture 
of the Bergmann glia (glial fibrillary acidic protein [GFAP] and S100β 
positive), a structure rich in tyrosinated and detyrosinated tubulin, 
was unaltered in αTat1−/− mice (Supplemental Figure S3A).

The Purkinje cells of the cerebellar cortex express high levels of 
αTat1 (Kalebic et al., 2013a), and it was proposed that α-tubulin K40 
acetylation promotes dendritogenesis in Purkinje cells (Ohkawa 
et al., 2007, 2008). However, polyglutamylated tubulin staining of 
Purkinje cells revealed that their dendritic arborization is unaffected 
by removal of αTat1 (Supplemental Figure S3B).

In mature neurons, acetylated microtubules are highly enriched 
in axons compared with dendrites, and there is conflicting evidence 
for acetylated microtubules playing a role in axonal specification 
and neuronal polarization (Witte et al., 2008; Li et al., 2012). To re-
solve this controversy, we assessed axonal morphology by polyglu-
tamylated tubulin immunostaining of brain cryosections. We found 
that the morphology of axonal tracts and single axons was similar in 
wild-type and αTat1-deficient mice (Supplemental Figure S3B).

Finally, because K40 acetylated α-tubulin is highly enriched in 
cilia and αTat1 is universally conserved in ciliated organisms and ac-
celerates ciliogenesis in cultured mammalian cells (Shida et al., 
2010), we analyzed ciliogenesis in wild-type and αTat1−/− animals. In 
agreement with recent reports (e.g., Kalebic et al., 2013b), no major 
differences in motile or primary cilia (ependymal cells and corneal 
endothelial cells, respectively) were observed in the absence of 
αTat1 (Figure 1E).

Thus the global cerebral and cellular architecture is preserved in 
the absence of αTat1, indicating that α-tubulin K40 acetylation is 
dispensable for brain development and neuronal polarization.

αTat1 is required for contact inhibition of proliferation
Controlled cell proliferation is a complex and highly regulated pro-
cess central to morphogenesis, organ size control, and wound heal-
ing (McClatchey and Yap, 2012). In nontransformed cells, prolifera-
tion is repressed by cell–cell contacts, leading to cells exiting the cell 
cycle and organizing into a monolayer upon reaching confluency 
(Abercrombie, 1962). Loss of contact inhibition is observed in the 
majority of cancer cell lines and constitutes a hallmark of malignant 
transformation (Abercrombie, 1979; Hanahan and Weinberg, 2000; 
Zeng and Hong, 2008). MEFs exhibit robust contact-dependent 
growth inhibition, forming a polarized quiescent monolayer after 
2–3 d of culture (Todaro and Green, 1963; Figure 2A). In contrast, 
αTat1-deficient MEFs cultured for the same amount of time grew 
into multiple unpolarized cell layers (Figure 2A) with greatly elevated 
cell density. To quantify cell proliferation and contact inhibition, we 
seeded wild-type and αTat1−/− cells at the same initial density (25% 
confluency; Supplemental Figure S4A) and allowed them to grow in 

RESULTS
αTat1 is the major tubulin acetyltransferase in vivo
To assess the contribution of αTat1 to α-tubulin K40 acetylation in 
vivo and evaluate the functional significance of this modification, we 
generated a mouse lacking most of the coding exons of αTat1 using 
ES cells from the National Institutes of Health Knock-Out Mouse 
Project (KOMP; Supplemental Figure S1A). The genomic ablation of 
αTat1 was confirmed by PCR of genomic DNA (Supplemental Figure 
S1A), and the absence of Tat1 protein was confirmed by immunob-
lotting of brain extracts (Figure 1A). Brain extracts were chosen be-
cause α-tubulin K40 acetylation is highest in brain compared with 
other organs (Zhang et al., 2008). Whereas multiple isoforms of 
αTat1 ranging between 35 and 40 kDa (as well as possible degrada-
tion products) were detected throughout neural development and 
in the adult brain of wild-type animals, no αTat1 protein was de-
tected in the αTat1−/− mice (Figure 1A). Concordantly, K40 acety-
lated α-tubulin was undetectable either by immunoblotting of brain 
lysates (Figure 1A) or immunohistochemistry on adult brain sections 
(Supplemental Figure S1B).

Besides αTat1, several enzymes have been proposed to bear α-
tubulin acetyltransferase activity, including the histone acetyltrans-
ferase Elp3 (Solinger et al., 2010). Because the evidence for Elp3 
being an α-tubulin K40 acetyltransferase is controversial (Creppe 
et al., 2009; Shida et al., 2010; Solinger et al., 2010; Cheishvili et al., 
2011; Miskiewicz et al., 2011), we sought to assess directly the abil-
ity of Elp3 to acetylate microtubules in immortalized αTat1−/− mouse 
embryonic fibroblasts (MEFs), which are devoid of acetylated micro-
tubules (Supplemental Figure S1C; Friedmann et al., 2012). 
Although transient transfection of green fluorescent protein 
(GFP)–αTat1 successfully restored microtubule acetylation, no K40 
acetylated α-tubulin was detected in cells transfected with GFP-
ELP3, even at the highest levels of ELP3 expression (Figure 1B). 
Thus, as previously observed in Ptk2 cells (Shida et al., 2010), Elp3 
does not harbor any intrinsic α-tubulin K40 acetyltransferase activity. 
Although no acetylated microtubules were found in interphase 
αTat1−/− MEFs, we consistently detected very low levels of K40 
acetylated α-tubulin at the spindle of mitotic αTat1−/− cells (Figure 
1C), suggesting that a second, and very minor, α-tubulin K40 acetyl-
transferase activity might exist in mice. Taken together, our results 
show that αTat1 is the main tubulin acetyltransferase in mouse brain 
and cultured fibroblasts.

αTat1 is dispensable for mammalian brain development
Although the deletion of αTat1 resulted in mice devoid of K40 acety-
lated α-tubulin, these animals are viable and do not exhibit any 
overt phenotype (Supplemental Figure S1D), in agreement with re-
cent reports (Kalebic et al., 2013b; Kim et al., 2013). α-Tubulin K40 
acetylation reaches the highest levels in the brain, where nearly 30% 
of α-tubulin is acetylated at K40 (D. Portran and M. V. Nachury, 
unpublished data). Yet, aside from a recently described enlargement 
of the dorsal part of the granular layer of the dentate gyrus (Kim 
et al., 2013), no major defect in the global brain architecture was evi-
dent in adult αTat1−/− brain sections (Supplemental Figure S1E).

Aside from the brain, other organs are characterized by notable 
arrays of acetylated microtubules, such as the maturing corneal en-
dothelium and its perinuclear basket of acetylated and detyrosi-
nated microtubules (Blitzer et al., 2011) and the pillar cells of the 
inner ear, which offer mechanical support to the sensory hair cells 
(Tannenbaum and Slepecky, 1997; Szarama et al., 2012). Loss of 
αTat1 did not alter the perinuclear array of detyrosinated microtu-
bules in the corneal endothelium (Supplemental Figure S2A). Fur-
ther, assessment of auditory function revealed intact hearing ability 
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FIGURE 1: αTat1 is the major α-tubulin K40 acetyltransferase in vivo and is dispensable for mammalian CNS development 
and ciliogenesis. (A) Brain lysates from various developmental stages (E14.5, embryonic day 14.5; P1–P15, postnatal days 
1–15) were immunoblotted for the indicated proteins. (B) αTat1−/− MEFs were transfected with GFP-αTat1 or GFP-ELP3 
(green) and immunostained for GFP (green) and K40 acetylated α-tubulin (red). (C) Left, K40 acetylated α-tubulin 
immunostaining (green) of αTat1+/+ and αTat1−/− MEFs. Right, αTat1+/+ and αTat1−/− MEFs lysates were immunoblotted for 
K40 acetylated and total α-tubulin. (D) Brain lysates from αTat1+/+ and αTat1−/− mice at various developmental stages were 
immunoblotted for various α-tubulin posttranslational modifications. The quantitation of the immunoblots showed no 
major differences between wild-type and knockout mice. (E) Left, adult brain cryosections were stained with 
polyglutamylated α-tubulin (GT335 antibody, ependymal motile cilia, green). Right, basal bodies (γ-tubulin, green), primary 
cilia (Arl13B, red) and the cell–cell junction (ZO-1, red) were labeled in P6 corneal endothelium whole mounts. No defects 
in motile or primary cilia presence were noted in αTat1−/− mice. Scale bars: B, 20 μm; C, 10 μm; E, 10 μm.
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stable expression of GFP-αTAT1 in αTat1−/− cells restored density-
dependent down-regulation of YAP/TAZ activity, even though it was 
unable to rescue the high levels of YAP/TAZ activity in sparse cells 
(Figure 3, C and D). It is intriguing that introduction of the acetyl-
transferase-deficient GFP-αTAT1[D157N] in αTat1−/− cells reduced 
YAP/TAZ activity in sparse cells but failed to restore the sensitivity 
to cell density (Figure 4, C and D). This could indicate that the ratio 
of YAP/TAZ activity between sparse and dense conditions, rather 
than the absolute activity of YAP/TAZ, controls cell number at 
confluency.

Merlin/NF2, an upstream component of the Hippo signaling 
cascade, is so far the sole protein in the Hippo pathway shown to 
interact with microtubules (Muranen et al., 2007; Bensenor et al., 
2010). Most relevant to our study, Merlin is found along acetylated 
microtubules (Figure 3E; Smole et al., 2014), and the microtubule-
dependent transport of Merlin is required for nuclear exclusion of 
YAP (Bensenor et al., 2010). We therefore hypothesized that acety-
lated microtubules promote Hippo signaling by facilitating Merlin 
transport to its substrates. Strikingly, in the absence of αTat1, Merlin 
was no longer found along microtubules. Instead, Merlin was dif-
fusely distributed in the cytoplasm (Figure 3E and Supplemental 
Figure S4C), suggesting that acetylated microtubules are required 
for Merlin transport.

Collectively these experiments reveal a crucial role for αTat1 in 
contact inhibition. In particular, they show that acetylated microtu-
bules are required for proper Hippo signaling, likely through the 
control of Merlin localization.

αTat1 is essential for cell adhesion
It is intriguing that αTat1−/− MEFs exhibited defective Hippo signal-
ing even at cell densities at which cell–cell contacts are absent 
(Figure 3A and Supplemental Figure S4C). This result suggested 
that αTat1 might also influence Hippo signaling through a different 
pathway than contact inhibition. Given that the Hippo pathway and 
cell–substrate adhesion are closely linked (Katagiri et al., 2006; 
Artemenko et al., 2012) and that HDAC6-knockout MEFs are hyper-
adhesive to substrate (Tran et al., 2007), we investigated cell adhe-
sion in αTat1−/− cells. During routine handling of αTat1−/− MEF cul-
tures, we noticed that cells detached easily upon medium change. 
Furthermore, αTat1−/− MEFs exhibited reduced spreading on the 
surface of the culture dish (Figure 4A), and αTat1−/− MEFs were more 
sensitive to trypsin exposure than wild-type cells (Figure 4B). To-
gether these observations suggested that cell–substrate adhesion 
is impaired in the absence of αTat1. Because focal adhesions (FAs) 
are the structures responsible for cellular attachment to the growth 
substrate, we asked whether they are altered in αTat1−/− cells. 
Staining for vinculin, a central component of focal adhesions, re-
vealed that in αTat1−/− cells, the number of FAs is significantly re-
duced and their size is diminished (Figure 4C). We next examined 
actomyosin stress fibers, which connect and pull onto nascent FAs 
to promote their growth and maturation. In αTat1−/− cells, actin 
staining revealed a reduced number of stress fibers and a disorga-
nized actin cytoskeleton (Figure 4C). Instead of long stress fibers 
connecting FAs on opposite sides of the cell, αTat1−/− cells con-
tained short stress fibers distributed near the periphery of the cell 
and oriented tangentially to the edge of the cell. These observa-
tions suggested that αTat1−/− cells might be unable to mature 
nascent FAs through tension applied by stress fibers. How could 
α-tubulin K40 acetylation affect FAs and stress fibers? Over the 
years, evidence for cross-talk between the microtubule and the actin 
cytoskeletons has accumulated (Wang et al., 2001; Stehbens and 
Wittmann, 2012). In particular, microtubule depolymerization 

the presence of frequently replenished serum. Two days after seed-
ing, wild-type cells reached a stereotypical saturating density 
(Todaro et al., 1965) and stayed quiescent for an extended period of 
time (Figure 2B). Strikingly, αTat1−/− cells grew considerably faster, 
bypassing the saturating density of wild-type cells soon after day 1. 
Furthermore, the saturating density of αTat1−/− cells was more than 
fourfold higher than that seen for control cells (Figure 2B) and may 
represent an underestimate, given the detachment of loosely adher-
ent αTat1−/− cells during the washes preceding cell counting. To 
verify that the observed effects resulted from the loss of αTat1, we 
generated cell lines stably expressing GFP, GFP-αTAT1, or the 
acetyltransferase-dead GFP-αTAT1[D157N]. Whereas GFP-αTAT1 
expression restored tubulin acetylation to wild-type levels, expres-
sion of GFP or GFP-αTAT1[D157N] at the same levels as GFP-αTAT1 
did not alter tubulin acetylation (Figure 2, C and D, and Supplemen-
tal Figure S4B). Of importance, stable expression of GFP-αTAT1, but 
not GFP alone, was able to restore the saturating density to near-
wild-type levels (Figure 2B). Similarly, restoration of monolayer for-
mation was seen upon reintroduction of wild-type GFP-αTAT1, but 
no rescue was observed for GFP alone (Figure 2A).

Unexpectedly, recent studies suggested that αTat1 possesses a 
nonenzymatic function in nematodes (Topalidou et al., 2012). Simi-
lar to GFP alone, GFP-αTAT1[D157N] was unable to restore the 
saturating density of αTat1−/− MEFs to near-wild-type levels or the 
polarity of the monolayer (Figure 2B). Surprisingly, the catalytically 
dead form of αTat1 rescued monolayer formation (Figure 2A), sug-
gesting that tubulin acetylation is dispensable for the regulation of 
monolayer formation. Consistent with the greater number of cells 
contained within the monolayer, cell size was reduced at confluency 
in αTat1−/− cells expressing GFP-αTAT1[D157N] (Figure 2A and 
Supplemental Figure S4D). Thus our results indicate that the acetyl-
transferase activity of αTat1 is not required for monolayer formation 
but may be necessary for regulating cell size—and thus number—at 
confluency. Alternatively, it is conceivable that the D157N mutant of 
TAT1 retains catalytic activity against another substrate than tubulin 
and acetylation of this alternative substrate prevents growth beyond 
the monolayer stage.

Studies over the past decade have revealed a critical role for the 
Hippo tumor-suppressor pathway in contact inhibition of prolifera-
tion. At low cell density, the Yes-associated protein (YAP) and its 
partner, TAZ, accumulate in the nucleus to activate the transcription 
of target genes that promote cell proliferation. When cell density 
increases, Hippo signaling triggers a kinase cascade that culminates 
in the nuclear exclusion of YAP through direct phosphorylation (Zhao 
et al., 2011). Cell–cell contacts and the actin cytoskeleton are well-
characterized players in Hippo signaling. In addition, microtubule 
integrity is required for proper Hippo signaling (Zhao et al., 2012), 
but the specific role of acetylated microtubules in this process re-
mains untested. To assess whether the loss of contact inhibition ob-
served in the absence of αTat1 could be due to defective Hippo 
signaling, we monitored YAP/TAZ activity using the transcriptional 
reporter 8xGTIIC-luc (Dupont et al., 2011). As previously reported, 
YAP/TAZ activity was high in sparse cells and diminished by more 
than fourfold as cells reached confluency (Figure 3, A and B). In 
contrast, αTat1−/− MEFs exhibited elevated YAP/TAZ activity at low 
cell density and failed to repress the YAP/TAZ activity in response to 
increasing cell density (Figure 3, A and B). As a result, αTat1−/− MEFs 
required cell densities nearly 10 times higher than wild-type MEFs 
to achieve the same levels of YAP/TAZ activity (Figure 3A). This sug-
gests that the expression of proliferation-promoting genes is consti-
tutively high in cultured αTat1−/− cells and that in the absence of 
αTat1, MEFs are largely insensitive to cell density cues. Of interest, 
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FIGURE 2: αTat1 is required for contact inhibition of proliferation. (A) αTat1+/+, αTat1−/−, and αTat1−/− cells expressing 
GFP, GFP-αTAT1, or GFP-αTAT1[D157N] were seeded at 15,000 cells/cm2. Five days after seeding, cells were fixed and 
stained for the cell–cell junction marker ZO-1 (red) and DNA (blue). Wild-type cells form a monolayer, seen as clearly 
separated nuclei in z-projection and as a row of evenly distributed nuclei in the projection along the y-axis. Expression 
of GFP-αTAT1 or GFP-αTAT1[D157N] restored monolayer formation, whereas GFP alone did not. In addition, the 
pattern of ZO1 staining suggests that the bottom layers of the αTat1−/− cultures have lost polarity, whereas the top 
layer does retain some level of polarity. In addition, the rescue of polarity by expression of GFP-αTAT1 appears to only 
be partial. (B) αTat1+/+, αTat1−/−, and αTat1−/− cells expressing GFP, GFP-αTAT1, or GFP-αTAT1[D157N] were seeded at 
15,000 cells/cm2, counted every day, and fed every other day. After 2 d of culture, wild-type cells reached a 
stereotypical saturating density (∼60,000 cells/cm2) and stayed quiescent for the rest of the assay. αTat1−/− cells 
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mirrors published results in which Hdac6 ablation in mice did not 
cause significant neural defects (Zhang et al., 2008). More precise 
examination of the neuroanatomy in αTat1−/− mice, and of the en-
largement of the granular layer of the dentate gyrus in particular, 
might reveal subtle anatomical defects and shed light on the subtle 
functions of acetylated microtubules in the mammalian nervous 
system.

αTat1 is required for contact inhibition of proliferation
Recently the integrity of the microtubule cytoskeleton was shown to 
be required for proper contact inhibition of proliferation (Zhao et al., 
2012), but the specific role for stable versus dynamic microtubules 
in this process remains untested. Our results indicate that α-tubulin 
K40 acetylation is critical for enforcing contact inhibition of prolifera-
tion through the Hippo pathway. In particular, we show that tubulin 
acetylation is required for microtubule association of Merlin, the 
product of the neurofibromatosis 2 gene. Merlin is found in actin-
rich regions and on vesicles transported along microtubules via ki-
nesin-1 and cytoplasmic dynein (Muranen et al., 2007; Bensenor 
et al., 2010). Given that kinesin-1 and dynein have both been shown 
to selectively travel along acetylated microtubules in vivo 
(Dompierre et al., 2007; Cai et al., 2009), we hypothesize that Merlin 
is transported toward its targets onto acetylated microtubule tracks 
and that the disappearance of acetylated microtubules leads to de-
creased Merlin activity in cells. Nonetheless, it is important to note 
that the role of acetylated microtubules in kinesin-1 motility remains 
controversial, with a recent in vitro study failing to observe an influ-
ence of microtubule acetylation on transport of free kinesin-1 
(Walter et al., 2012). It remains possible, however, that tubulin acety-
lation may influence the movement of motors when they are placed 
under the typical loads encountered in vivo.

αTat1−/− cells exhibit a striking loss of contact inhibition (Figure 
2B). However, the number of αTat1−/− cells does appear to plateau 
after reaching a density fivefold greater than that of wild-type cells. 
We propose three interpretations for this result. First, at very high 
density, the cells on the top layer of the αTat1−/− multilayered cul-
tures may be too loosely attached and may float away, thus escap-
ing counting. Second (and possibly linked to the first possibility), 
increased cell death at very high cell density may balance out the 
increased cell number. Third, αTat1−/− cells do down-regulate YAP/
TAZ activity at very high density (Figure 3, A and B), which may be 
sufficient to dampen proliferation.

Stable expression of GFP-αTat1 in αTat1−/− cells restored proper 
cell number and the down-regulation of YAP activity at confluency. 
However, GFP-αTat1 failed to rescue the high YAP/TAZ activity in 
sparse αTat1−/− cells, as well as the polarity of the monolayer upon 
confluency. This partial rescue could be explained by the fact that 
only one out of several isoforms of αTat1 was reintroduced in 
αTat1−/− cells. The introduction of GFP-αTAT1[D157N] in αTat1−/− 
cells rescued monolayer formation and absolute YAP/TAZ activity 
levels in sparse cells but failed to restore the density-dependent 

induces the growth of FAs and stress fibers because of decreased 
resistance to forces pulling onto FAs in the absence of microtubules 
(Bershadsky et al., 1996). Whereas numerous massive stress fibers 
were detected in nocodazole-treated wild-type cells, very few and 
very thin stress fibers were observed in αTat1−/− cells (Figure 4D and 
Supplemental Figure S5). Consistent with an inability to reinforce 
FAs upon microtubule depolymerization, αTat1−/− cells rapidly 
rounded up and detached upon nocodazole exposure (Figure 4D 
and Supplemental Figure S5). Conversely, myosin II inhibition by 
blebbistatin lowers cortical tension and thereby induces plasma 
membrane collapse around microtubules to generate microtubule-
filled protrusions (Shutova et al., 2008). However, no microtubule-
based protrusions were seen in αTat1-deficient cells treated with 
blebbistatin (Figure 4D and Supplemental Figure S5), suggesting 
that membrane tension might already be low in untreated αTat1−/− 
cells (likely because of poor substrate adhesion). Collectively these 
results suggest that αTat1 regulates the size and abundance of FAs 
and may participate in tension-induced maturation of small, nascent 
FAs into large, stable FAs.

DISCUSSION
αTat1 is the major tubulin acetyltransferase in mice
αTat1 is the main α-tubulin acetyltransferase for lysine 40 in Tetrahy-
mena, C. elegans, and mammalian cells (Akella et al., 2010; Shida 
et al., 2010). In agreement with recent work (Kalebic et al., 2013b; 
Kim et al., 2013), no acetylated tubulin was detected in the αTat1-
deficient mouse brain, either by immunoblot or immunohistochem-
istry, suggesting that αTat1 is the sole tubulin acetyltransferase in 
vivo. However, low amounts of acetylated microtubules were de-
tected in mitotic αTat1−/− MEFs, indicating the existence of a minor 
second tubulin acetyltransferase in mammals. This is consistent with 
the presence of K40 acetylated α-tubulin in stable microtubules of 
plants such as Arabidopsis thaliana, maize, and pine, which bear no 
αTat1 homologues in their genomes (Gilmer et al., 1999; Huang and 
Lloyd, 1999; Nakagawa et al., 2013). Given that acetyltransferases 
with no detectable sequence similarity can share identical substrate 
specificity (e.g., p/CAF and MOZ are specific histone H3 K14 acetyl-
transferases that belong to two distinct families of lysine acetyltrans-
ferases; Berndsen and Denu, 2008), a search for the second 
α-tubulin K40 acetyltransferase will need to encompass all putative 
lysine acetyltransferases.

αTat1 is dispensable for mammalian brain development
Both acetylated α-tubulin and αTat1 have been proposed to partici-
pate in major neuronal processes such as neuronal migration, polar-
ization, and function, dendritic growth, and axonal formation 
(Ohkawa et al., 2008; Witte et al., 2008; Akella et al., 2010; Shida 
et al., 2010; Li et al., 2012; Topalidou et al., 2012; Kalebic et al., 
2013a). Yet, aside from an enlargement of the dorsal part of the 
dentate gyrus recently described by others (Kim et al., 2013), we did 
not find any major neural phenotype in αTat1-deficient mice. This 

bypassed the normal saturating density soon after day 1 and reached a saturating density fourfold higher than wild type 
after 3 d of culture. GFP-αTAT1 expression in αTat1−/− cells restored the saturating density to near-wild-type levels, 
whereas GFP or GFP-αTAT1[D157N] did not. (C) Lysates of αTat1+/+, αTat1−/−, and αTat1−/− cells expressing GFP, 
GFP-αTAT1, or GFP-αTAT1[D157N] were immunoblotted for K40 acetylated α-tubulin. Only GFP-αTAT1 expression 
restores K40 α-tubulin acetylation to wild-type levels. (D) Cell lysates from αTat1−/− and αTat1−/− cells expressing GFP, 
GFP-αTAT1, or GFP-αTAT1[D157N] were immunoblotted for GFP and α-tubulin. αTat1−/− cell lines expressing GFP and 
GFP-αTAT1[D157N] were selected to match GFP-αTAT1 expression levels. All lanes come from the same membrane 
and, as such, have the same exposure. Scale bars: A, 30 μm (top), 5 μm (bottom).
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pensable for monolayer formation. Several studies reported a func-
tion for αTat1 independently of its enzymatic activity, possibly 
through its binding to the microtubule lattice (Topalidou et al., 2012; 

decrease in YAP/TAZ transcriptional activity. Our results indicate that 
the enzymatic activity of αTat1 is required for restrained proliferation 
through down-regulation of Hippo signaling at confluency but is dis-

FIGURE 3: αTat1 is essential for proper Hippo signaling (A) YAP/TAZ luciferase assay (8XGTIIC-luc) in wild-type (WT) 
and αTat1−/− cells seeded at increasing densities. Whereas YAP/TAZ activity is down-regulated with increasing cell 
density in WT cells, knockout cells exhibit a high luciferase signal even at the highest cell density. Relative luciferase 
activity was normalized to the value of WT cells at the sparsest density. (B) Ratio of the relative luciferase activity for the 
lowest over the highest cell density in WT and αTat1−/− cells. This ratio reflects the cell’s ability to down-regulate YAP/
TAZ activity upon increasing cell density. (C) YAP/TAZ luciferase assay (8XGTIIC-luc) in αTat1−/− cells stably expressing 
GFP, GFP-αTat1, and GFP-αTAT1[D157N], seeded at increasing densities. Only GFP-αTAT1[D157N] rescues the 
unusually high levels of YAP/TAZ activity in αTat1−/− cells. (D) Ratio of the relative luciferase activity for the lowest over 
the highest cell density in αTat1−/− cells stably expressing GFP, GFP-αTat1, and GFP-αTAT1[D157N]. Only GFP-αTat1 
was able to rescue YAP/TAZ activity down-regulation upon cell density increase in αTat1−/− cells. (E) WT and αTat1−/− 
cells were immunolabeled for Merlin and K40 acetylated and total α-tubulin. Whereas in WT cells merlin was localized to 
particles along the microtubules, it exhibited diffuse localization in αTat1−/− cells. Scale bar, 10 μm.
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FIGURE 4: αTat1 is required for cell adhesion. (A) The surface area of αTat1+/+ and αTat1−/− cells was measured using 
ImageJ (n = 10 cells/genotype). Knockout cells have a very significant decrease in cell area compared with wild-type 
cells (p = 7.5 × 10−5). (B) αTat1+/+ and αTat1−/− cells were trypsinized with 37ºC, 0.05% trypsin-EDTA or 0.025%, room 
temperature trypsin-EDTA. At the time points shown, trypsin-EDTA has little effect on wild-type cells, yet it rounds up 
most αTat1−/− cells. (C) αTat1+/+ and αTat1−/− cells were labeled with an anti-vinculin antibody (red) and Alexa 
488–phalloidin (green). The αTat1−/− cells showed reduced number of stress fibers and disorganized actin cytoskeleton. 
Using ImageJ, we quantified the number of focal adhesions per cell and found that it decreased in αTat1−/− cells 
compared with wild-type (p = 0.01, n = 10 cells/genotype). (D) αTat1+/+ and αTat1−/− cells were treated with nocodazole 
or blebbistatin and immunostained for α-tubulin (red). Actin was labeled using Alexa 488–phalloidin (green). Whereas 
nocodazole treatment stimulates stress fiber formation in wild-type cells, no or few stress fibers were observed in 
αTat1−/− cells, which rounded up and detached. In blebbistatin-treated wild-type cells, the inhibition of myosin II 
function induces cytoplasmic collapse. In αTat1−/− cells, blebbistatin treatment did not yield any major morphological 
alteration. See Supplemental Figure S5 for a shorter exposure, where the fluorescence levels of αTat1−/− cells treated 
with nocodazole are not saturated. The apparent increase in tubulin and actin staining in αTat1−/− cells treated with 
nocodazole is likely due the rounding up of cells, which will generate a significant amount of out-of-focus fluorescence 
captured by epifluorescence. **p ≤ 0.01, ***p ≤ 0.001, two-sided Wilcoxon test. Scale bars: B, 50 μm (left), 100 μm 
(right); C, 10 μm; D, 15 μm.
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Glantschnig et al., 2002; Katagiri et al., 2006; Artemenko et al., 
2012), it is tempting to consider that defective Hippo signaling and 
cell–substrate adhesion might share a common causality in αTat1-
deficient cells. Here we consider two possibilities. First, αTat1 loss 
could affect the Hippo pathway through its effect on the actin cy-
toskeleton. Indeed, we show that αTat1 is required for proper FA 
number and actin cytoskeleton organization, and recent work found 
that a functional actin cytoskeleton is required for Hippo signaling 
(Dupont et al., 2011; Wada et al., 2011; Aragona et al., 2013). Sec-
ond, αTat1 loss could directly impair the Hippo pathway, which in 
turn is known to affect cell–substrate adhesion (Lee et al., 2001; 
Glantschnig et al., 2002; Katagiri et al., 2006; Artemenko et al., 
2012). In support of the latter hypothesis, we show that αTat1 feeds 
rather directly into the Hippo pathway by controlling Merlin 
localization.

Gaining an understanding of oncogenic transformation 
through αTat1
Despite an absence of overt phenotype in the HDAC6-knockout 
mice (Zhang et al., 2008), there is strong evidence for HDAC6 dys-
function participating in oncogenic transformation and tumor for-
mation (Lee et al., 2008). However, because HDAC6 deacetylates 
multiple substrates (Hubbert et al., 2002; Bali et al., 2005; Zhang 
et al., 2007; Parmigiani et al., 2008), it has been unclear whether the 
role of HDAC6 in oncogenic transformation is related to tubulin 
acetylation. Here we show that loss of αTat1, and in particular its 
catalytic activity, leads to reduced cell adhesion and loss of contact 
inhibition, two hallmarks of oncogenic transformation (Hanahan 
and Weinberg, 2011). Thus our results suggest a role for αTat1 in 
oncogenic transformation. Further work is required to assess whether 
αTat1-deficient cells have indeed acquired a carcinogenic potential 
by testing their anchorage-independent growth on soft agar and 
their tumorigenic potential when injected in mice. Understanding 
the precise involvement of acetylated microtubules in tumorigenesis 
and metastasis will be instrumental in defining therapeutic strate-
gies based on the chemical manipulation of tubulin acetylation.

MATERIALS AND METHODS
Transgenic mice
All animal care and procedures were performed under a protocol 
approved by the Administrative Panel on Laboratory Animal Care at 
Stanford University (Stanford, CA). Atat1tm1(KOMP)Vlcg heterozygous ES 
cells were obtained from the KOMP repository (Davis, CA; www 
.komp.org). The ES cells were injected into C57BL6 blastocytes and 
implanted in receiving females at the Transgenic Research Center at 
Stanford University. We mated resulting chimeric males with albino 
C57BL6 females purchased from JAX (Sacramento, CA) to achieve 
germline transmission. Heterozygous males and females were then 
mated to obtain αTAT1−/− and αTAT1+/+ mice.

Mice were genotyped by PCR of genomic DNA using the follow-
ing primers: GGGCACAGACCTACAAAAGG (P1, common to both 
alleles), GTCAGACACTCGCTAGGTTACAG (P2, wild-type allele), 
and CTCCCCGTTCAAAGATCTGAG (P3, αTAT1−/− allele).

Cell culture and cell treatments
MEFs were derived from embryonic day (E) 14.5 αTat1−/− and 
αTat1+/+ mice using standard procedures. Briefly, the head, heart, 
liver, and limbs were removed. The embryos were then enzymati-
cally dissociated by incubation in a 0.05% trypsin-EDTA solution for 
30 min at room temperature. After mechanical dissociation by 
pipetting, the cell suspension was plated in DMEM 15% fetal bovine 
serum (FBS), 0.05 mM β-mercaptoethanol, 1% l-glutamine, and 

Kalebic et al., 2013a; Howes et al., 2014). Further, our results sug-
gest that it is the pronounced dampening of YAP/TAZ activity in re-
sponse to increasing cell density rather than the absolute activity of 
YAP/TAZ that is critical for contact inhibition of proliferation.

The striking loss of contact inhibition observed in αTat1−/− cells 
contrasts with the absence of any obvious defective proliferation in 
αTat1−/− mice. Here, we consider two hypotheses. First, this appar-
ent discrepancy could stem from the different environment the cells 
experience in vivo and in vitro. In vitro, the lack of environmental 
factors that restrain cell proliferation inside tissues (low substrate 
stiffness, limited growth factor availability, high mechanical and spa-
tial three-dimensional constraint, extracellular matrix abundance 
and diversity) creates a more permissive and stimulating environ-
ment for cell proliferation (Aragona et al., 2013). These environmen-
tal conditions could therefore reveal a defective regulation of cell 
proliferation that is masked in vivo. Second, hyperproliferation 
caused by compromised contact inhibition could be contained by 
the strict mechanisms that regulate cell number at the tissular scale 
in vivo. Indeed, classic studies on compensatory proliferation 
showed that an increase in apoptotic cell number, sensed at the tis-
sular level, triggers hyperproliferation, resulting in a tissue contain-
ing the correct cell number (Fan and Bergmann, 2008). Conversely, 
as illustrated by recent studies on overcrowding in epithelia 
(Eisenhoffer et al., 2012; Marinari et al., 2012), powerful homeostatic 
mechanisms maintain proper cell number by triggering cell extru-
sion and ultimately cell death. Therefore, in αTat1−/− mice, compen-
satory apoptosis at the tissue level could remove the supernumerary 
cells, resulting in normal-size organs in the adult.

We note that loss of microtubule acetylation does not appear to 
initiate carcinogenesis. However, this only indicates that loss of mi-
crotubule acetylation is not a driver for tumorigenesis. Therefore it 
remains conceivable that αTat1−/− mice may suffer from accelerated 
tumor development or generate more metastatic tumors when 
placed in a sensitized background for cancer emergence.

Reduction of focal adhesion number in αTat1-deficient cells
Genetic ablation of HDAC6 reduces microtubule dynamics and 
leads to decreased FA turnover, suggesting a role for tubulin acety-
lation in FA dynamics (Tran et al., 2007). However, HDAC6 alters 
microtubule dynamics independently of its catalytic function toward 
tubulin (Zilberman et al., 2009), making it unclear whether acety-
lated tubulin itself is involved in FA dynamics.

Cellular adhesive structures comprise small transient nascent FAs 
that easily detach when placed under tension and large mechano-
sensitive FAs that grow under tension of the actin stress fibers 
(Schiller et al., 2013). Because αTat1-deficient cells display fewer 
and smaller FAs, an intriguing possibility is that acetylated microtu-
bules bear mechanosensitive functions that help small FAs mature 
into large FAs. Alternatively, the presence of αTAT1 at FAs and the 
acetylation of cortactin by αTAT1 (Castro-Castro et al., 2012) may 
suggest a more direct role of αTAT1 in FA dynamics.

Future analysis of FA mechanical properties should determine 
whether large mechanosensitive FAs are specifically affected in 
αTat1-deficient cells. Furthermore, evaluation of FA growth, matura-
tion, and turnover will determine the mechanism by which αTat1 
alters FAs. Finally, analysis of αTat1−/− MEFs stably expressing the 
catalytically dead form of αTat1 will clarify whether the acetyltrans-
ferase function of αTat1 modulates FA dynamics.

In this study, we show that Hippo signaling is defective in αTat1−/− 
MEFs even in individual cells that do not contact other cells (Figure 
3A and Supplemental Figure S4C). Because the Hippo pathway and 
cell–substrate adhesion are closely linked (Lee et al., 2001; 
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(1/100), anti-GFAP (1/500), anti–glutamylated α-tubulin (1/1000), 
anti-vinculin (1/800), anti-ZO1 (1/400), anti-Arl13B (1/800), anti–α-
tubulin (DM1A, 1/1000), and anti-Merlin/NF2 (1/25).

Immunoblots were developed with fluorescent secondary anti-
bodies (DyLight 800 goat anti-mouse, anti-rat, anti-rabbit, 1:15,000; 
Thermo) and visualized by infrared laser scanner (Odyssey, Licor, 
Lincoln, NE; Figures 1 and 2) or with horseradish peroxidase–conju-
gated protein A (1/10,000 Invitrogen) or anti-mouse antibody 
(1/15,000; Jackson ImmunoResearch, West Grove, PA) and en-
hanced chemiluminescence (Figure 4 and Supplemental Figures S1 
and S3).

Alexa Fluor–conjugated secondary antibodies (1/2000; Mole-
cular Probes, Eugene, OR) were used for immunofluorescence. 
Actin was labeled with Alexa Fluor 488–phalloidin (1/40 in 1% PBS–
bovine serum albumin; Molecular Probes) for 20 min after secondary 
antibodies. Finally, nuclei were stained with Hoechst (1/10,000).

Immunoblotting
Mice were killed by isoflurane overdose and cervical dislocation. 
Brains were sonicated and lysed in a buffer containing 137 mM 
NaCl, 20 mM Tris, pH 7.5, 1% Triton X, 10% glycerol, and protease 
inhibitors (1 ml of buffer/100 mg of brain). Cells were scraped and 
lysed in RIPB buffer (25 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM 
EGTA, 0.5% Triton X-100). Lysates were run on a NuPAGE 4–12% 
Bis-Tris gel, and membranes were blotted following standard proce-
dures. For the αTat1 and α-tubulin immunoblots (Figure 1A), 20 μg 
of total protein was run in each lane for all stages except E14.5 
(5 μg). For the other PTMs, 200 ng (detyrosinated, PolyE, acetylated, 
tyrosinated, and total α-tubulin) and 2 μg (polyglutamylated GT335 
α-tubulin) were run (Figure 1D). Immunoblots on cell lysates were 
done by loading 10 μg (acetylated α-tubulin) and 3 or 5 μg (total 
α-tubulin) of protein. All fluorescence signals were quantitated with 
the Odyssey imaging system and were within the linear range of the 
instrument.

Immunofluorescence and histological staining
Immunohistochemistry and histological staining. Brains were 
fixed by intracardiac perfusion of 4% PFA in PBS, washed overnight 
in PBS, and cryoprotected in PBS–30% sucrose for 24 h. 
Cryosections, 12 μm, were cut and air-dried. For the analysis of 
brain morphology, sections were stained with Mayer’s hematoxylin 
and Eosin Y solutions (Electron Microscopy Science, Hatfield, PA) 
using standard protocols. For immunostaining, the sections were 
incubated in blocking buffer (10% FBS, 0.1% Triton X-100 in PBS) 
for 1 h and then in primary antibodies diluted in blocking solution 
for 1 h or overnight. After washing, sections were incubated in 
Alexa Fluor–conjugated corresponding secondary antibodies in 
blocking buffer for 1 h.

For corneal endothelium whole-mount immunostaining, mice 
were killed by overdose of isoflurane (Baxter, Deerfield, IL) and cer-
vical dislocation or perfused as described before. Eyes were ex-
tracted and fixed or postfixed (if perfused) by immersion in 4% PFA 
in PBS for 20 min. The corneas were then dissected out, washed, 
and incubated in blocking buffer for 30 min and in primary antibod-
ies for 1 h. Nuclei were stained with Hoechst.

Immunocytochemistry. Cells were seeded either at 70,000 cells/
well on 100 μg/ml fibronectin (Figure 3D) or on glass (Supplemental 
Figure S4C) or at 30,000 cells/well (Figure 3C) on 20 μg/ml 
fibronectin. After 24 h, cells were fixed in PBS–4% PFA for 10 min 
at room temperature (or for 10 min in methanol at −20°C for Merlin 
immunofluorescence) and processed for immunofluorescence. For 

1% nonessential amino acids. The MEFs were then immortalized 
following a 3T3 protocol: attached surviving cells were split at 1:3 
every 3 d for >30 passages. 3T3s were cultured in DMEM 10% FBS, 
0.05 mM β-mercaptoethanol, 1% l-glutamine, and 1% nonessential 
amino acids.

For assessment of cellular adhesion strength to their substrate, 
cells were plated at 60,000 cells/ml on glass coverslips. After 24 h, 
cells were incubated either in a 37°C, 0.05% trypsin-EDTA solution 
for 30 s or in a room temperature, 0.025% trypsin-EDTA solution for 
2 min.

To test the cross-talk between microtubules and the actin cy-
toskeleton, cells were plated at 70,000 cells/well (24-well plate) on 
100 μg/ml fibronectin-coated glass coverslips and treated with 5 μM 
nocodazole for 30 min or 5 μM blebbistatin for 1 h in conditioned 
medium. After fixation (10 min in paraformaldehyde [PFA] 4% at 
room temperature), cells were processed for immunofluorescence.

To generate αTat1−/− cells stably expressing GFP, GFP-αTAT1, 
and GFP-αTAT1[D157N], we generated retroviruses using deriva-
tives of pBabe-Puro (Shida et al., 2010). Then αTat1-deficient cells 
were infected. After puromycin selection, single-cell clones were 
isolated and subjected to fluorescence-activated cell sorting (FACS) 
at the Stanford Shared FACS facility for moderate expression. The 
GFP-αTAT1 clone was chosen to match wild-type levels of acety-
lated α-tubulin by immunoblotting. GFP and GFP-αTAT1[D157N] 
clones were chosen to match GFP-αTAT1 expression levels.

Growth curve
To assess contact inhibition of proliferation, cells were plated at 
15,000 cells/cm2 in 35-mm culture dishes or on glass coverslips in 
24-well plates. Medium was changed at days 1 and 3. Cells in the 
35-mm culture dishes were trypsinized and counted with trypan 
blue every day on a hematocytometer. The cells plated on cover-
slips were fixed for 10 min in phosphate buffered saline (PBS)–4% 
PFA at days 1 and 5 and processed for immunofluorescence.

Antibodies and reagents
The following primary antibodies were used: rabbit anti-αTat1 
(homemade antibody purified according to standard protocols), 
mouse anti–α-tubulin (12G10; Developmental Studies Hybridoma 
Bank, Iowa City, IA), mouse anti–K40 acetylated α-tubulin (mouse, 
611B; Sigma-Aldrich, St. Louis, MO), rabbit anti–detyrosinated α-
tubulin (gift from Gregg Gundersen, Columbia University, New York, 
NY), mouse anti–glutamylated α-tubulin (GT335; gift from Carsten 
Janke, Institut Curie, Orsay, France), rat anti–tyrosinated α-tubulin 
(clone YL1/2; Chemicon, Billerica, MA), rabbit anti–polyglutamylated 
α-tubulin (polyE, serum; gift from Carsten Janke), rabbit anti-GFP 
(homemade; Nachury et al., 2007), rabbit anti-S100β (Sigma-
Aldrich), rabbit anti-GFAP (Dako, Carpinteria, CA), mouse anti-
vinculin (clone hVIN-1; Sigma-Aldrich), rabbit anti-ZO1 (Invitrogen, 
Grand Island, NY), mouse anti–α-tubulin (clone DM1A; Thermo 
Scientific, Waltham, MA), rabbit anti-Arl13B (Proteintech, Chicago, 
IL), rabbit anti-GFP (A11122; Invitrogen), and rabbit anti-Merlin/NF2 
(A19, sc-331; Santa Cruz Biotechnology, Dallas, TX).

For immunoblotting, primary antibodies were used at the follow-
ing dilutions: anti-αTat1 (1 μg/ml), anti–α-tubulin (12G10, 1/5000; 
DM1A, 1/500), anti–K40 acetylated α-tubulin (1/6000), anti–detyro-
sinated α-tubulin (1/50,000), anti–glutamylated α-tubulin (1/1000), 
anti–tyrosinated α-tubulin (1/100), anti–polyglutamylated α-tubulin 
(1/4000), and anti-GFP (1/1000).

For immunofluorescence, primary antibodies were diluted as in-
dicated: anti–K40 acetylated α-tubulin (1/500), anti–detyrosinated 
α-tubulin (1/800), anti–tyrosinated α-tubulin (1/100), anti-S110β 
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frequency speakers (Pyramid TW125). The speakers were connected 
to an ear bar and calibrated in the ear canal before each experiment 
using a probe-tip microphone (microphone type 4182, NEXUS con-
ditioning amplifier; Brüel and Kjaer, Denmark).

Auditory brainstem response. Auditory brainstem response (ABR) 
was recorded by placing three needle electrodes subcutaneously at 
the vertex, below the left ear, and a ground electrode close to the 
tail. The signals were amplified 10,000 times using a biological 
amplifier (DP-311; Warner Instruments, Hamden, CT) digitized at 
200 kHz (BNC-2090A; National Instruments, Austin, TX) and digital 
band-pass filtered from 300 to 3000 Hz. The stimulus for eliciting 
the ABR was a 5-ms sine wave tone pip with cos2 envelope rise and 
fall times of 0.5 ms. Repetition time was 50 ms, and 260 trials were 
averaged.

At each frequency, the peak ABR at stimulus intensities ranging 
from 10 to 80 dB sound pressure levels was measured in 10-dB 
steps and interpolated to find threshold five SDs above the noise 
floor.

Distortion products of otoacoustic emission. For stimulation of 
distortion products of otoacoustic emissions (DPOAEs), two sine 
wave tones of equal intensity (l1 = l2) and 1-s duration were 
presented to the ear. The two tones ranged from 20 to 80 dB SPL 
attenuated in 10-dB increments, and the two frequencies 
(f2 = 1.2f1) ranged from f2 with 4–46 kHz. The acoustic signal was 
detected by a microphone in the ear bar and was sampled at 
200 kHz (BNC-2090A; National Instruments), and the magnitude 
of the cubic distortion product (2f1 − f2) was determined by fast 
Fourier transform. The surrounding noise floor was also calculated 
by averaging 20 adjacent frequency bins around the distortion 
product frequency. DPOAE thresholds were reached when the 
signal was >2 SDs above the noise floor.

Statistical analysis
The results are presented as mean ± SD. Statistical significance was 
determined using a two-sided Wilcoxon test.

ELP3 expression in αTAT1−/− cells, 20,000 cells/well were seeded 
on glass. After 24 h of culture, cells were transfected with 
GFP-ELP3 (gift from L. Nguyen, Liege University, Wallonia, Belgium) 
and X-tremeGENE 9 (Roche, Indianapolis, IN) and fixed the next 
day.

For immunofluorescence, the cells were blocked for 30 min and 
incubated in primary antibody in blocking solution for 1 h, in sec-
ondary for 30 min, and in Alexa Fluor 488–phalloidin for 20 min.

Imaging
Histologically stained brain sections were imaged on an Olympus 
stitching microscope. Images of immunolabeled brain sections and 
MEFs were acquired on an Everest workstation (Intelligent Imaging 
Innovations, Denver, CO) built around an AxioImager M1 (Zeiss, 
Thornwood, NY) fitted with a CoolSNAP HQ2 CCD camera (Photo-
metrics, Tucson, AZ). The objectives used were a PlanApo 63×/1.4, 
PlanNeoFluar 40×/0.75, and PlanNeoFluar 10×/0.3 (Olympus, 
Central Valley, PA). For FA number quantification, cells were imaged 
on a DeltaVision system (Applied Precision, Issaquah, WA) equipped 
with a PlanApo 60×/1.40 objective lens and a Scientific CMOS 
camera.

The cells subjected to trypsin were imaged on a Leica DM IL 
inverted microscope with a 20× objective Leica Highplan 1 20×/0.3

Luciferase assay
Wild-type, αTat1−/−, and αTat1−/− stably expressing GFP, GFP-
αTAT1, and GFP-αTAT1[D157N] MEFs were seeded at the indicated 
densities on plastic in 24-well plates. The next day, the cells 
were cotransfected with the YAP reporter 8xGTIIC-lux (plasmid 
34615, 100 ng/well; Addgene, Cambridge, MA), pRL-SV40 
(20 ng/well; Promega, Madison, WI), and pEF5B-FRT-GFP-GFP-
FKBP (680 ng/well, to keep DNA content constant across samples), 
using 2 μl of Lipofectamine 2000 (Life Technologies). Samples 
were harvested 24 h after transfection and assayed for Renilla and 
firefly luciferase using homemade luciferase buffer in a Modulus 
Microplate Multimode Reader (Turner Biosystems, Promega).

Cell area and focal adhesion quantification
Cell area was manually measured using the polygon selection tool 
of ImageJ (National Institutes of Health, Bethesda, MD). For focal 
adhesion number quantification, pictures were deconvolved using 
SoftWoRx 6.0 (Applied Precision, three-dimensional iterative con-
strained deconvolution, enhanced ratio, 10 iterations), submitted to 
the rolling ball background subtraction on ImageJ (rolling ball ra-
dius of 20 pixels), and the threshold adjusted so that only FAs are 
selected in wild-type cells. Objects >0.03 pixel (the size of the 
smaller FA adhesion) were counted with the command Analyze 
Particles.

Measurement of cell size
Cells were seeded at 720,000 cells per well in a six-well plate, grown 
for 2 d, and trypsinized. Cell size was determined by measuring the 
forward scatter (FSC-A) by flow cytometry with a BD Accuri C6.

Audiology tests
Adult mice were anesthetized admitting 100 mg/kg ketamine and 
15 mg/kg xylazine intraperitoneally, and their body temperature was 
maintained at 37°C until fully recovered.

Sound stimuli were generated digitally by a Matlab 2010b–con-
trolled (MathWorks, Torrance, CA), custom-built acoustic system 
using a digital-to-analogue converter (BNC-2090A; National Instru-
ments) sampling at 200 kHz, a sound amplifier, and two high-
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