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Even in the face of damaging insults, most cells maintain

stability over time through multiple homeostatic pathways,

including maintenance of the microtubule cytoskeleton that is

fundamental to numerous cellular processes. The dynamic

instability—perpetual growth and shrinkage—is the best-

known microtubule regulatory pathway, which allows rapid

rebuilding of the microtubule cytoskeleton in response to

internal or external cues. Much less investigated is homeostatic

regulation through availability of a-b tubulin heterodimers—

microtubules’ main building blocks—which influences total

mass and dynamic behavior of microtubules. Finally, the most

recently discovered is microtubule homeostasis through self-

repair, where new GTP-bound tubulin heterodimers replace the

lost ones in the microtubule lattice. In this review we try to

integrate our current knowledge on how dynamic instability,

regulation of tubulin mass, and self-repair work together to

achieve microtubule homeostasis.
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Introduction
Microtubules are dynamic, filamentous polymers of a-b
tubulin heterodimer subunits, involved in many cellular

processes, such as intracellular transport, migration, reg-

ulation of plasma membrane biology, and mitosis [1]. The

best-known inherent property of microtubule cytoskele-

ton is dynamic instability, which promotes rapid

exchange of polymerized and unpolymerized tubulin

subunits, fueled by GTP hydrolysis on b-tubulin [2].

Dynamic instability promotes continuous replacement

of microtubule arrays on a time scale of seconds to

minutes. While maintaining its dynamicity, the microtu-

bule cytoskeleton achieves a roughly constant average

structure over time, and actively opposes damaging

change through multiple regulatory processes that are
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the subject of this review (Figure 1). Much less studied

than dynamic instability, homeostasis through regulation

of total microtubule mass per cell is presumably impor-

tant for all microtubule-related biology, and depends on

two parameters: the poise of the heterodimer-microtu-

bule equilibrium, and total tubulin mass. Tubulin bio-

synthesis and degradation rates that occur on times scales

of hours determine total tubulin mass (Figure 1). In this

review we focus on how cells control tubulin biosynthesis

and degradation, with specific emphasis on tubulin

autoregulation.

Individual microtubules can become damaged by bend-

ing forces, and perhaps also by partial enzymatic severing.

Previously, we thought that homeostasis in this situation

only occurs by dynamic instability. Recent work demon-

strates incorporation of new a-b tubulin heterodimers

into the damaged lattice, not at growing ends—a process

called microtubule self-repair [3,4��]. The physiological

importance of these ground-breaking observations is only

now being investigated. We try to integrate self-repair

into an overall picture of homeostasis, occurring over

multiple timescales to help cells deal with different types

of insults and damage (Figure 1).

Regulation of tubulin mass
Total tubulin mass is controlled on at least three levels: first,

transcriptional regulation, which selectively activates and

defines the expression levels of a subset of a-tubulin and

b-tubulin genes [5], second, post-transcriptional regulation

of a-tubulin and b-tubulin messenger RNA (mRNA) sta-

bility [6,7], and third, degradation of tubulin through poorly

characterized pathways [8,9]. Synthesis and degradation of

a-tubulin and b-tubulin subunits may have to be closely

coordinated, since isolated subunits lack stability and func-

tion, and can be toxic [10,11].

Transcriptional regulation of tubulin gene expression

In most eukaryotes, tubulin proteins are encoded by large

multi-gene families, containing several functional isoforms

of both subunits [12]. In most cells tubulin gene expression

is constitutive [13], but the transcriptional regulatory net-

works are only partially understood in cells where addi-

tional tubulin is needed to build specialized assemblies.

During flagella regeneration [14], or differentiation of

ciliated epithelium [15] and neurons [16], cells activate

distinct transcriptional networks that increase the expres-

sion of tubulin and other required genes. How undifferen-

tiated cells control tubulin gene expression as part of a

general ‘housekeeping’ program is unknown. Challenges

include multiple tubulin genes that are co-expressed, and

the complexity of interacting partners and functions that
www.sciencedirect.com
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Homeostasis of microtubule cytoskeleton.

Multiple mechanisms regulate and shape the microtubule cytoskeleton. Dynamic instability implies coexistence of growth and shrinkage at the end

of a microtubule. Microtubules grow through addition of new GTP-bound tubulin dimers at the growing ends. In the microtubule lattice, b-tubulin

hydrolyzes GTP to GDP. When hydrolysis of GTP occurs at the microtubule end, catastrophe takes place, and microtubule loses tubulin dimers or

even entire protofilaments. Dynamic instability therefore allows complete or partial replacement of microtubules. In contrast, microtubule self-repair

allows replacement of lost with new GTP-bound tubulin heterodimers in the microtubule lattice, not at ends.

Because of the intimate relationship between unpolymerized tubulin heterodimers and microtubules, it is important to consider homeostasis

through regulation of tubulin availability. Total tubulin mass per cell is determined at three levels: first, transcriptional regulation of tubulin gene

expression, second, post-transcriptional regulation of tubulin mRNA stability, and third, tubulin protein degradation. We argue that those

homeostatic mechanisms work in concert to maintain tubulin mass, thus directly influencing microtubule cytoskeleton.

For simplicity, in this figure we illustrate only centrosome-mediated microtubule nucleation, but the same principles apply to microtubule

cytoskeleton nucleated from other subcellular compartments, such as the Golgi apparatus.
microtubules perform: if there is an increased demand for

intracellular transport, cells may need to turn on transcrip-

tion of tubulin and motor protein genes. If, however, a cell

needs to divide, it may need to turn on transcription of all

mitotic genes, including tubulins. Therefore, numerous

transcriptional networks that regulate tubulin genes in a

function-specific manner may have been selected. Differ-

ential regulation of tubulin isoforms is particularly evident

during development, suggesting that some isoforms are

better adapted for certain cell type-specific functions [12].

Improved technology for expressing and analyzing indi-

vidual isoforms is starting to demystify differences between

tubulin isoforms and their transcriptional regulation. In

general, the role of transcriptional regulation of tubulin

in homeostasis deserves further study.

Tubulin autoregulation

An important point in tubulin gene regulation, which is

thought to apply to all isoforms, is post-transcriptional
www.sciencedirect.com 
regulation (Figure 2) [6,7]. In 1979 Ben-Ze’ev and col-

leagues first reported that increase in levels of unpoly-

merized tubulin in cells (due to microtubule destabiliza-

tion, or injection of purified tubulin) lead to a dramatic

decrease in the synthesis of a-tubulin and b-tubulin, but

not actin [6]. Two years later, Cleveland et al. showed that

decreased tubulin synthesis was a result of tubulin-medi-

ated recognition and destabilization of its own mRNA

[17]. This negative feedback loop, called tubulin auto-

regulation, is purely cytoplasmic, and operates in virtually

all examined higher eukaryotic cells [18–21]. In three

elegant studies, Gay and colleagues, and Yen and collea-

gues show that the first 49 nucleotides in b-tubulin
mRNA carry the autoregulatory signal, the first 13 being

essential [22–24]. Curiously, the autoregulatory sequence

is not enough to confer instability to out-of-frame, pre-

mature stop-codon, or short transcripts. Additionally,

stopping translation protects b-tubulin mRNA from deg-

radation, proving the requirement of an ongoing
Current Opinion in Cell Biology 2019, 56:80–87
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Figure 2
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Tubulin autoregulation.

Unpolymerized a-b tubulin heterodimers negatively regulate the stability of a-tubulin and b-tubulin mRNA, through an unknown mechanism.

Mainly studied on b-tubulin mRNA, tubulin autoregulation negative feedback loop requires two steps: first, a-b tubulin heterodimer-mediated

recognition of nascent b-tubulin peptide, and second, mRNA degradation. The recognition of nascent b-tubulin peptide is not direct but must

involve mediator proteins (green), whose identity remains unknown. Mediator proteins may recognize tubulin nascent peptide through: a) binding

simultaneously to unpolymerized tubulin dimer and nascent b-tubulin peptide, b) binding competitively unpolymerized tubulin dimer and nascent

b-tubulin peptide, or c) a much less direct sequence of events, for example involving a signaling cascade. The recognition of the nascent b-tubulin

peptide leads to mRNA degradation through unknown mechanisms. We propose three possible scenarios for mRNA degradation: a) activation of

ribosome-bound RNases, b) recruitment and activation of non-ribosome bound RNases, or c) ribosomal stalling, followed by mRNA decay.
translation for tubulin autoregulation [25]. Moreover, the

dependency of translation suggests that it need not be

recognition of b-tubulin mRNA, but perhaps of b-tubulin
nascent peptide that triggers autoregulation. The first

13 nucleotides in b-tubulin mRNA being essential for
Current Opinion in Cell Biology 2019, 56:80–87 
autoregulation to happen, the protein recognition

sequences must therefore reside in the amino-terminus.

Mutagenizing the 50 mRNA coding sequence, such that

amino-acid sequence is deliberately changed or kept

intact (because of the redundancy of the genetic code),
www.sciencedirect.com
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Yen and colleagues show that changing amino-acid

sequence abolishes b-tubulin autoregulation. Consis-

tently, injecting antibodies that bind to the nascent

b-tubulin peptide also abolishes its mRNA degradation

[26]. While it is still a mystery how a-tubulin mRNA is

autoregulated, recognition of the nascent b-tubulin pep-

tide is the first and critical step in the degradation of

mRNA.

The molecular mechanism by which unpolymerized

tubulin interacts with nascent tubulin amino-termini

remains a mystery. Tubulin does not bind directly to

the nascent peptide [26]. We imagine several possible

models (Figure 2): first, a mediator protein binds simul-

taneously to unpolymerized tubulin and nascent tubulin

peptide, promoting mRNA degradation, second, a medi-

ator protein binds competitively to unpolymerized tubu-

lin or nascent peptide, inhibiting mRNA degradation

when bound to nascent peptide, and third, the interaction

could be much less direct, for example involving a signal

transduction pathway. Prefoldin, a hetero-hexameric

chaperone, is a candidate for participation in all mecha-

nisms since it recognizes and helps fold nascent tubulins

as they emerge from the ribosome [27]. Upon recognition

of nascent b-tubulin peptide, tubulin mRNA is degraded

through unknown pathways (Figure 2). It is possible that

the RNase(s) are already associated with ribosomes, and

receive an activation signal upon recognition of the tubu-

lin nascent peptide. Recognition of the nascent peptide

could also recruit RNase(s) to the mRNA. Alternatively,

mRNA degradation may be a consequence of ribosomal

stalling. Further work is needed to unambiguously eluci-

date the precise sequence of events, and all the partici-

pants in tubulin autoregulation. Modern methods, such as

ribosome footprint profiling, might be mechanistically

informative.

Physiological relevance of tubulin autoregulation

The biological function of tubulin autoregulation in cells

remains entirely unexplored. We imagine several possible

functions that are not mutually exclusive: determining

total tubulin mass (both unpolymerized and polymer-

ized), setting the concentration of unpolymerized inde-

pendent of polymerized tubulin mass, and balancing the

amount of a-tubulin and b-tubulin. Presumably there are

optimal values for both unpolymerized and polymerized

tubulin mass, which depend on cell type and cell cycle

stage, though these issues have been little explored. The

most obvious hypothesis would be that extensive

amounts of unpolymerized tubulin could change the rate

of microtubule nucleation, elongation, and dynamics

[2,28�,29��], which would reflect onto all the microtu-

bule-dependent processes.

The sizes of several subcellular structures, such as cen-

trosomes, nuclei, or flagella, are set by the availability of

their building blocks through a limiting-pool mechanism
www.sciencedirect.com 
(reviewed in Ref. [30]). The limiting-pool mechanism

postulates that given a constant amount of building

blocks, cellular structures grow until the building blocks

are depleted or reduced such that assembly and disas-

sembly are equal. If, however, there exists competition

for building blocks, such as in actin cytoskeleton, the

limiting-pool mechanism is insufficient to explain the

well-defined size of protein complexes [31�]. In cells,

microtubules exist in many different shapes and states,

and competition for unpolymerized tubulin is an integral

part of the system. While one-component limiting-pool

models fail to predict protein complex sizes, a recent

model shows that integrating limiting-pools of yeast

kinesin-8 and tubulin induces bi-stability in microtubule

length regulation, resembling in vitro measurements

[32�]. Moreover, several studies propose a direct relation-

ship between mitotic spindle size and the amount of

unpolymerized tubulin as its main constituent [33,34].

It is possible that deregulation of unpolymerized tubulin

mass may impair assembly and mechanic properties of the

mitotic spindle, compromising chromosome segregation

[35]. Mchedlishvili et al. report that the dilution of unpo-

lymerized tubulin, caused by the nuclear envelope break-

down and tubulins’ diffusion into the former nuclear

space, is an important step at the mitotic entry [36��].

An interesting hypothesis for why cells sense unpolymer-

ized rather than polymerized tubulin amount is the exis-

tence of some important function of tubulin, other than

serving as the subunit for polymer. In yeast, excess

amounts of b-tubulin, but not of a-tubulin, are toxic

[11], the reason for which remains unclear. Multiple

studies report numerous binding partners of unpolymer-

ized tubulin, but none of the reported interactions has

grown to an established function [37]. Tubulin may

modulate the activity of the binding partners (reviewed

in Ref. [38]). The best characterized tubulin heterodimer-

binding protein is stathmin 1 (STMN1), which is

expressed in most cells. STMN1 is thought of as a

negative regulator of tubulin [39]. However, the converse

is possible: if stathmin has some other function, for

example regulating cell growth through binding to tumor

suppressor protein p27Kip1 (cyclin dependent kinase

inhibitor 1B, CDKN1B) [40] or the transcription factor

STAT3 [41], then tubulin heterodimer might serve as a

regulator of stathmin. Gating mitochondrial voltage-

dependent anion channels (VDAC) is another novel

and potentially important function of unpolymerized

tubulin [42].

Tubulin degradation

Biosynthesis works in concert with degradation to set

protein concentration (Figure 1). Tubulin half-life in cells

varies from 2 to 50 h, and degradation of unpolymerized

tubulin is much faster than of polymerized tubulin [10].

Mechanistically, this is not surprising—presumably pro-

tein degradation systems can access unpolymerized
Current Opinion in Cell Biology 2019, 56:80–87
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Figure 3
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Microtubule self-repair.

Under mechanical stress (a) or exposure to the activity of microtubule severing enzymes (b), GDP-bound tubulin heterodimers may fall out from

the microtubule lattice. In such cases, microtubules undergo self-repair, replacing lost with new GTP-bound tubulin heterodimers (b). Repaired

microtubules gain flexibility and resistance to mechanical damage—changes potentially attributed to increased tubulin acetylation in regions of

damage-repair. Damage may facilitate intraluminal access to tubulin acetyltransferase (TAT), but acetylation may also occur only once the wound

has been repaired.
tubulin more easily than polymerized. Also, it makes

sense to selectively degrade tubulin subunits that have

become misfolded and cannot polymerize. However, in

cells with poisoned microtubule assembly, rapid degra-

dation of unpolymerized tubulin appears counter-produc-

tive; cells need more microtubules, not less. It is possible

that selective degradation provides rapid readjustment of

unpolymerized tubulin mass, while protecting cells from

long lasting consequences of tubulin autoregulation.

Indeed, in cells where tubulin is short-lived, tubulin

autoregulation is weak [8]. In neuronal synapses, tubulin

degradation is presumably of biological importance: slow

axonal transport continuously supplies synapses with

tubulin, which is degraded locally to maintain homeosta-

sis [43]. Tubulin degradation mechanisms remain disput-

able: although tubulin ubiquitination has been confirmed

[44–46], some studies show that ubiquitination leads to

protein turnover [46,47], while others show that it leads to

protein stabilization [48]. Tubulin turnover mechanisms

are worthy of further study and may provide clues as to

how cells maintain microtubule homeostasis over long

times.

Microtubule self-repair
Their long, thin, and adventurous nature make micro-

tubules potentially fragile. Using microtubules as rail

tracks, kinesins transport large cargos, imposing strong

forces that microtubules must withstand (review Ref.

[49]). Similarly, cortical actomyosin creates powerful

flows that can buckle and deform microtubules, whose
Current Opinion in Cell Biology 2019, 56:80–87 
tips are embedded in the cortex [50,51]. Occasionally,

these forces cause microtubules to crack—lattice defects

known to modulate their mechanical properties [51–55].

In vitro studies show that microtubules that crack along

the lattice, losing tubulin dimers, self-repair (Figure 3)

[3]. In an elegant study, Aumeier et al. document micro-

tubule damage and self-repair in living cells [4��]. Micro-

tubule self-repair involves replacement of lost with new

GTP-bound tubulin dimers [3,4��]. Perhaps surprisingly,

self-repair does not depend on any other proteins—tubu-

lin dimers alone repair the damage [3]—suggesting that

cells may not actively detect wounds on the microtubule

lattice, but rather use the same assembly reactions that

occur at growing ends. Macroscopic wound healing is

often acquainted by scar formation, and limited evidence

suggest that repaired microtubules may also bear some

sort of molecular scar. Repaired microtubules, for exam-

ple, appear to gain resistance to mechanical damage

[4��,56�]. Tubulin acetylation may play a central role in

restoration of mechanical properties of damaged micro-

tubules, marking sites of damage repair, and also strength-

ening the lattice against future damage [56�,57�]. It

remains a puzzle how, and when tubulin acetylation

occurs at damage repair sites. Tubulin acetyltransferase

that acetylates Lys40 residue on a-tubulin is thought to

be stimulated by stable tubulin heterodimer contacts in

the lumen of microtubules [58], which are disturbed upon

microtubule damage. Loose tubulin heterodimer contacts

in the lattice may also provide enzymes with access to the

lumen [59]. Causes and consequences of tubulin
www.sciencedirect.com
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acetylation in general, and in the context of damage repair

have already been thoroughly reviewed [60]. It will be

exciting to learn the precise sequence and meanings of

events in damage repair.

Physiological relevance of microtubule self-repair

An interesting question is how self-repair and wholesale

turnover by dynamic instability compare in their ability to

promote homeostasis. Wholesale replacement of several

microtubules is presumably not a problem in cells where

microtubules are unspecialized and short lived. However,

when many microtubules crack simultaneously and fre-

quently, for example in motile cells navigating complex

tissue environments, self-repair may complement whole-

sale replacement to maintain the integrity of the micro-

tubule cytoskeleton and orient migrating cells. Self-repair

could be even more important in cells with specialized

microtubules marked by post-translational modifications,

also called the ‘tubulin code’, which carries information

for regulating microtubule-dependent processes

(reviewed in Ref. [61]). Wholesale turnover erases the

tubulin code for a given microtubule, while self-repair

may keep it intact. Self-repair may thus allow specialized

cells, like neurons, to maintain complex modification

schemes over long times.

Our current understanding of the polarization of micro-

tubule cytoskeleton involves selective stabilization of a

subset of microtubules through microtubule binding pro-

teins (reviewed in Ref. [62]). It is possible that cells may

similarly utilize self-repair to selectively stabilize micro-

tubule network in some, but not all subcellular regions.

For instance, tubulin acetylation and self-repair may

reinforce microtubules in cellular regions exposed to

strong mechanical stress [56�,57�]. This theory has been

challenged by Bicek et al. who propose that microtubules

in those regions do not play an active role in physical

support of the cell, but are instead shaped by the mechan-

ical forces [63].

The presence of GTP-bound tubulin per se could change

mechanical properties of repaired microtubule lattice:

GTP-bound tubulin dimers have an angled conformation,

which straightens and compacts upon GTP hydrolysis

[64,65]. Moreover, GTP islands act as barriers for depo-

lymerization, triggering microtubule rescue [4��].

Conclusions
Here, we reviewed our current knowledge on tubulin

mass regulation and microtubule self-repair—some of the

intrinsic homeostatic pathways that regulate microtubule

cytoskeleton. Others have reviewed homeostasis through

regulation of microtubule binding proteins or post-trans-

lational modifications [61,66]. It remains unclear how

dynamic instability and self-repair cooperate to maintain

homeostasis of microtubule cytoskeleton, and their rela-

tive importance might vary in different cell types. The
www.sciencedirect.com 
relationship between those two homeostatic pathways

may be competitive: promoting rescue of a depolymeriz-

ing microtubule, self-repair opposes dynamic instability

in vitro [4��]. However, the two mechanisms can also be a

collaborative effort to provide rigidity and dynamicity to

the microtubule cytoskeleton.

A puzzle is that homeostatic regulation of both mRNA

stability and protein degradation involve only unpolymer-

ized tubulin. This makes sense in terms of molecular

mechanism—only unpolymerized tubulin is free to dif-

fuse and interact with binding partners. However, it

remains a mystery how cells measure unpolymerized

tubulin levels, as well as how this information is then

passed onto mRNA and protein degradation pathways.

Moreover, exclusively sensing unpolymerized tubulin

levels raises the unsolved question of whether and how

cells sense the mass of polymerized tubulin, which is

more biologically important for most processes. Do cells

care about unpolymerized tubulin because it has impor-

tant alternative functions, such as regulating stathmin or

VDAC channels? Or is equilibration between unpolymer-

ized and polymerized tubulin by dynamic instability

sufficient to exchange information between dimer and

polymer such that a dimer sensing mechanism adequately

controls total microtubules mass? More generally, how

important is total tubulin mass for microtubule biology?

These are fascinating questions for future study, and

addressing them will open a new, and more quantitative

era of microtubule biology.
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