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Abstract

Before chromosomes segregate during mitosis in metazoans, they align at the cell equator by a 

process known as chromosome congression. This is in part mediated by the microtubule minus-

end-directed kinetochore motor Dynein, which moves peripheral chromosomes to the poles along 

astral microtubules, and the plus-end-directed kinetochore motor CENP-E/Kinesin-7 that slides 

polar chromosomes along spindle microtubules towards the equator. Because different kinetochore 

motors move chromosomes in opposite directions along anisotropic spindle microtubules, a 

critical longstanding question has been how chromosomes are guided towards specific locations 

during mitosis. Here we discuss the exciting possibility that tubulin post-translational 

modifications, the so-called “tubulin code”, work as a navigation system for kinetochore-based 

chromosome motility along specific spindle microtubules, supporting congression to the cell 

equator.
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Motor-driven chromosome congression

Maintenance of genomic stability depends on the fidelity of chromosome segregation in 

mitosis. In metazoans, before chromosomes segregate, they align at the cell equator to form 

a metaphase plate, a process known as chromosome congression (see Glossary). This 

journey is initiated right after nuclear envelope breakdown (NEB) at the onset of mitosis, 

marking the beginning of prometaphase. At this stage, condensing chromosomes are 
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confined within the former nuclear region and are kept away from large cellular organelles 

by the action of a fenestrated membranous envelope that allows the invasion of this 

chromosomal region by centrosomal microtubules (Schweizer et al., 2015). Depending on 

their initial position at NEB, chromosomes may undertake one of at least two possible 

courses to achieve congression (Bancroft et al., 2015, Barisic et al., 2014). Those 

chromosomes that are favorably positioned between the two spindle poles at NEB might 

have immediate access to microtubules emanating from both poles, a process that is 

facilitated by the organization of chromosomes in a ring-like conformation during early 

prometaphase (Magidson et al., 2011), and thus become near-simultaneously attached to 

both sister kinetochores. Upon bi-orientation, these chromosomes complete alignment to the 

cell equator most likely via microtubule depolymerisation-coupled pulling at the kinetochore 

(McIntosh et al., 2010, Mitchison et al., 1986). In contrast, a smaller fraction of peripheral 

chromosomes (typically between 15-20% in human U2OS and HeLa cells (Bancroft et al., 

2015, Barisic et al., 2014)) located outside the interpolar region, and mainly exposed to 

microtubules emanating from a single spindle pole, are unable to bi-orient and their 

congression largely depends on the coordinated action of motor-proteins (Barisic et al., 

2014). In this review we will focus on our comprehension of the motor-driven chromosome 

congression pathway. An excellent and up-to-date review on the depolymerisation-coupled 

pulling pathway can be found elsewhere (Auckland and McAinsh, 2015).

Peripheral chromosomes are first brought to the proximate spindle pole by the minus end-

directed kinetochore motor Dynein along astral microtubules (Li et al., 2007, Rieder and 

Alexander, 1990, Vorozhko et al., 2008, Yang et al., 2007) (Figure 1, key figure). The 

transport of polar chromosomes is then driven by the plus-end directed motors CENP-E at 

the kinetochores (Kapoor et al., 2006, Schaar et al., 1997, Wood et al., 1997) and 

chromokinesins on chromosome arms (Antonio et al., 2000, Funabiki and Murray, 2000, 

Wandke et al., 2012) (Figure 1). However, how these opposite and spatially distinct activities 

are coordinated to drive chromosome congression remained a critical unanswered question.

Recent work provided insight into this problem and revealed that, during the initial poleward 

movement of peripheral chromosomes along astral microtubules, Dynein is the dominant 

force, overcoming active opposing forces by CENP-E and chromokinesins (Barisic et al., 

2014). The use of laser microsurgery to physically separate the chromosome arms from the 

kinetochore-containing body after CENP-E inhibition allowed the dissection of the 

respective role of CENP-E and chromokinesins in chromosome transport from the poles 

towards the equator. Accordingly, it was found that Dynein keeps chromosomes tightly 

clustered at the poles, while acentric fragments (i.e. without kinetochores) are ejected in 

random directions away from the pole by chromokinesins (Barisic et al., 2014). This reveals 

a critical role of CENP-E in defining the directional movement of polar chromosomes 

exclusively towards the spindle equator (Figure 1). Interestingly, in the absence of stable 

end-on kinetochore-microtubule attachments, polar-ejection forces (PEFs) by 

chromokinesins appear to dominate over CENP-E (Iemura and Tanaka, 2015), suggesting 

that stabilization of kinetochore microtubule attachments is important for the action of 

CENP-E.
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Chromokinesins promote the stabilization of end-on kinetochore-microtubule attachments 

(Cane et al., 2013, Drpic et al., 2015). Thus, the dominant role of Dynein over 

chromokinesins and CENP-E prevents the premature stabilization of end-on kinetochore-

microtubule attachments, which otherwise could lead to the occurrence of errors (e.g. 

syntelic attachments) and would compromise CENP-E-mediated sliding of polar 

chromosomes along spindle microtubules towards the equator (Barisic et al., 2014). The 

spindle pole-associated Aurora A kinase also promotes the destabilization of end-on 

kinetochore-microtubule attachments on polar chromosomes, revealing a previously 

overlooked role for Aurora A in this process (Barisic et al., 2014). This was recently 

confirmed by two independent studies that demonstrated a role for a spindle-pole Aurora A 

activity gradient in the correction of erroneous kinetochore-microtubule attachments in 

mitosis and meiosis I (Chmatal et al., 2015, Ye et al., 2015). Thus, by bringing peripheral 

chromosomes to the spindle poles, Dynein prevents error formation by counteracting the 

role of chromokinesins in the stabilization of end-on kinetochore-microtubule attachments, 

while promoting Aurora A-mediated kinetochore-microtubule destabilization (Barisic and 

Maiato, 2015) (Figure 1).

Aurora A activity at the poles might also be involved in the molecular switch between 

Dynein and CENP-E activities on polar chromosomes. Indeed, Aurora A phosphorylation of 

CENP-E near the spindle poles is required for CENP-E function and was proposed to reduce 

its affinity for individual microtubules, thus favoring CENP-E interaction with bundled 

kinetochore-fibers (k-fibers) (Kim et al., 2010). However, it remains elusive how a reduction 

in microtubule affinity would enable CENP-E to overcome Dynein-mediated poleward 

forces on polar chromosomes. Taking into account the ability of CENP-E to mediate 

chromosome congression even in the absence of k-fibers (Cai et al., 2009, Iemura and 

Tanaka, 2015), it is unlikely that Aurora A-mediated phosphorylation of CENP-E is the sole 

factor regulating the switch between Dynein and CENP-E activities on polar chromosomes.

Tubulin post-translational modifications in the mitotic spindle

Similar to the “histone code” hypothesis in which epigenetic marks on histone tails expand 

the information potential of the genetic code (Jenuwein and Allis, 2001), tubulin post-

translational modifications (PTMs) constitute the so-called “tubulin code” that was 

proposed to account for subcellular differentiation of distinct microtubule populations 

(Janke, 2014, Verhey and Gaertig, 2007). According to this hypothesis, molecular motors 

and microtubule-associated proteins (MAPs) “read” the tubulin code, as determined by 

different affinities/preferences for specific tubulin PTMs.

Tubulin PTMs include phosphorylation, polyglutamylation, acetylation and 

detyrosination (and related Δ2 modification) (Janke, 2014, Verhey and Gaertig, 2007) 

(Figure 2). Cdk1 is responsible for the phosphorylation of Ser172 on soluble β-tubulin 

specifically during mitosis (Fourest-Lieuvin et al., 2006), and has been shown to be required 

for normal cell division in yeast (Caudron et al., 2010). Detyrosination involves the removal 

of the last tyrosine on the C-terminal tail (CTT) of α-tubulin from polymerized microtubules 

by a yet unidentified tubulin carboxypeptidase (TCP) (Janke, 2014, Verhey and Gaertig, 

2007). The action of a well-established and highly specific tubulin tyrosine ligase (TTL) 
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reverts soluble tubulin into its tyrosinated state (Janke, 2014, Verhey and Gaertig, 2007). 

Acetylation of α-tubulin on Lys40 in the microtubule lumen is mediated by the acetyl-

transferase αTat1 and counteracted by at least two known deacetylases - HDAC6 and Sirt2 - 

that also play important roles in other cellular processes (Janke, 2014, Verhey and Gaertig, 

2007). Polyglutamylation involves the attachment of polyglutamate side chains to glutamate 

residues in the CTTs of both α- and β-tubulin, preferentially on polymerized microtubules 

(Regnard et al., 1998), a process that is catalyzed by nine different TTL-like (TTLL) 

glutamylases, and reversed by six deglutamylases (Janke, 2014, Verhey and Gaertig, 2007). 

Interestingly, tubulin acetylation, detyrosination and polyglutamylation are specifically 

enriched on kinetochore and possibly interpolar microtubules in the mitotic spindle 

(Bobinnec et al., 1998, Gundersen and Bulinski, 1986, Gundersen et al., 1984, Wilson and 

Forer, 1997) (Figure 3a), raising the attractive possibility that mitotic motors are able to 

distinguish these microtubule subpopulations from unmodified and more dynamic astral 

microtubules emanating from the spindle poles.

Although several tubulin PTMs coincide with more stable, long-lived microtubules, it 

remains unclear whether microtubule stability is a cause or consequence of the tubulin 

PTMs. Although these parameters are difficult to dissociate, several studies showed that 

altered levels of acetylation or detyrosination did not have any effect on microtubule stability 

(Khawaja et al., 1988, Maruta et al., 1986, Paturle et al., 1989, Webster et al., 1990), while 

taxol-stabilized microtubules show increased acetylation (Piperno et al., 1987, Wilson and 

Forer, 1997). Interestingly, overexpression of αTat1 destabilizes microtubules independently 

of its acetyltransferase activity (Kalebic et al., 2013a), whereas inhibition of HDAC6 

stabilizes microtubules independently of its effect on tubulin acetylation (Zilberman et al., 

2009). Overall, these results suggest that tubulin PTMs do not directly account for 

microtubule stability. Alternatively, the more stable spindle microtubules accumulate certain 

PTMs, possibly because they have more time to interact with tubulin modifying enzymes.

The tubulin code as a navigation system for chromosomes during mitosis

Previous works have implicated tubulin PTMs in the regulation of Kinesin-1-dependent 

transport in neurons (Hammond et al., 2010, Konishi and Setou, 2009, Maas et al., 2009, 

Reed et al., 2006). Moreover, pioneer in vitro reconstitution experiments revealed a subtle, 

but direct effect of some tubulin PTMs on Kinesin-1, Kinesin-2, Kinesin-13 and Dynein 

motor activities (Kaul et al., 2014, Sirajuddin et al., 2014). Thus, an exciting possibility 

would be that tubulin PTMs generate spatial cues that guide distinct mitotic motors along 

specific spindle microtubules. As so, the regulatory switch between Dynein and CENP-E on 

polar chromosomes, as well as the bias of CENP-E-mediated chromosome motion 

exclusively towards the equator, would be determined by distinct preferences of these 

kinetochore motors for microtubules with different PTMs (Figure 1). If this were the case, 

experimental perturbation of specific tubulin PTMs should phenocopy the inhibition of the 

motors that read the code and thus compromise distinct steps involved in the congression of 

polar chromosomes.

Experimental modification of the post-translational state of spindle microtubules can be 

achieved by perturbation of the respective tubulin modifying enzymes that account for 

Barisic and Maiato Page 4

Trends Cell Biol. Author manuscript; available in PMC 2019 March 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



specific tubulin PTMs. While this task might sound daunting for tubulin polyglutamylation, 

which is synergistically regulated by multiple glutamylases and deglutamylases, it is 

relatively straightforward for tubulin acetylation and detyrosination, given that these 

modifications are regulated by a single and specific enzyme (αTat1 and TTL, respectively). 

However, strong reduction of tubulin acetylation on mitotic spindles from human culture 

cells after αTat1 RNAi did not perturb chromosome congression, suggesting that mitotic 

motors involved in this process are insensitive to microtubule acetylation (Barisic et al., 

2015). This is not particularly surprising given that acetylation of α-tubulin on Lys40 occurs 

inside the microtubule lumen (Janke, 2014, Soppina et al., 2012), and therefore is not in 

direct contact with mitotic motors travelling along the outer surface of the microtubule 

lattice. In contrast, experimental attenuation of tubulin detyrosination, either by means of 

overexpression of TTL, or by treating cells with the TCP inhibitor parthenolide (Fonrose et 

al., 2007, Whipple et al., 2013), results in few chromosomes locked at the spindle poles, 

phenocopying the abrogation of CENP-E activity (Barisic et al., 2015) (Figure 3b-d). 

Strikingly, RNAi-mediated knockdown of TTL forces spindle microtubule detyrosination, 

including astral microtubules, and polar chromosomes move in all directions, including 

towards the cell cortex, in a CENP-E-dependent manner (Barisic et al., 2015) (Figure 3e). 

Overall, these data indicate that CENP-E-mediated congression of polar chromosomes is 

sensitive to microtubule detyrosination.

But how does microtubule detyrosination regulate CENP-E activity? Parthenolide treatment 

in living cells displaces CENP-E from detyrosinated microtubules in G2 cells, indicating 

that the in vivo association of CENP-E with microtubules is strictly regulated by tubulin 

detyrosination (Barisic et al., 2015). In vitro reconstitution experiments using microtubules 

enriched either for tyrosinated or detyrosinated tubulin, further revealed that CENP-E is able 

to perform longer and faster runs, while carrying significantly larger cargo on detyrosinated 

microtubules (Barisic et al., 2015). Taken together, these data support a model in which 

CENP-E-dependent transport of polar chromosomes towards the spindle equator requires 

microtubule tracks that are detyrosinated (Figure 1).

A corollary from this model would be that, as opposed to CENP-E, Dynein has a preference 

for tyrosinated astral microtubules and thus mediate the motion of peripheral chromosomes 

to the vicinity of the poles, before CENP-E-mediated congression (Figure 1). It has long 

been known that tubulin CTTs are required for cytoplasmic Dynein processivity in vitro 
(McKenney et al., 2014, Wang and Sheetz, 2000) and axonemal Dyneins have recently been 

shown to be sensitive to the presence of tubulin CTTs and specific tubulin PTMs, with 

functional implications for flagellar motility (Alper et al., 2014, Kubo et al., 2010). 

Interestingly, the large Dynactin subunit p150, required for cytoplasmic Dynein processivity 

(McKenney et al., 2014), has a preference for tyrosinated microtubules (Peris et al., 2006), 

whereas irreversible modification of α-tubulin C-terminal tyrosine interferes with normal 

Dynein intracellular distribution (Eiserich et al., 1999), suggesting that Dynein/Dynactin 

function is regulated by the microtubule tyrosination state.

More recently, it was shown that the initiation of Dynein-driven motility in vitro is mediated 

by its co-factor p150/Dynactin and is strongly enhanced by tyrosinated microtubules 

(McKenney et al., 2016). Similar findings have been reported in vivo, where p150/Dynactin 

Barisic and Maiato Page 5

Trends Cell Biol. Author manuscript; available in PMC 2019 March 04.

 E
urope PM

C
 Funders A

uthor M
anuscripts

 E
urope PM

C
 Funders A

uthor M
anuscripts



and tubulin tyrosination were shown to mediate the initiation of retrograde vesicle transport 

in neurons (Nirschl et al., 2016). This explains why CENP-E inhibition only partially 

rescues the random polar chromosome ejection after TTL RNAi (Barisic et al., 2015), as 

well as the mitotic spindle orientation problems observed in TTL-null fibroblasts (Peris et 

al., 2006), where forced detyrosination of astral microtubules might interfere with Dynein-

mediated poleward movement and cortical microtubule interaction. Overall, these studies 

strengthen our “navigation system” hypothesis that helps explaining the Dynein/CENP-E 

switch that mediates congression of peripheral chromosomes (Figure 1). In summary, 

Dynein´s dominance over CENP-E during the initial poleward movement of peripheral 

chromosomes might be due to its preference for tyrosinated (astral) microtubules. At the 

poles, CENP-E, possibly activated by Aurora A (which additionally prevents the formation 

of end-on kinetochore-microtubule attachments), becomes dominant over dynein by 

selectively sliding polar chromosomes towards the equator along pre-stabilized 

detyrosinated spindle microtubules. Thus, in addition to regulating the motors, the cell might 

regulate the tracks in which they move on to guide chromosomes during mitosis. Full 

validation of this model will require a more complete understanding of how tubulin PTMs 

cooperate with Dynein co-factors (e.g. Spindly and Rod/Zw10/Zwilch complex) that 

specifically modulate Dynein functions at the kinetochore.

Concluding remarks

Despite being known for nearly 40 years, a comprehensive understanding of the biological 

roles of tubulin PTMs is still missing. Importantly, perturbation of tubulin PTMs in living 

cells and organisms has recently been made possible after the identification of some of the 

key enzymes that specifically modify tubulin (Barisic et al., 2015, Bosch Grau et al., 2013, 

Erck et al., 2005, Kalebic et al., 2013b, Peris et al., 2006, Rocha et al., 2014), but their 

impact on mitosis remains largely unknown (Table 1). This, together with the development 

of in vitro reconstitution systems (Sirajuddin et al., 2014, Vemu et al., 2014), in which 

tubulin modifications can be tailor made, and the identification of the full repertoire of 

tubulin PTMs (Liu et al., 2015), makes it realistic to think that the main challenges for the 

future (see Outstanding Questions) are within reach, and the field will likely enter an 

expansion phase in the next few years. One challenging aspect is the present lack of 

fundamental knowledge on how multiple tubulin PTMs relate to each other and how they are 

collectively interpreted by the “readers” of the tubulin code. Importantly, certain tubulin 

PTMs and the respective modifying enzymes have been implicated in tumour growth and 

correlate with a poor prognosis, metastasis and resistance to chemotherapeutic drugs 

(Castro-Castro et al., 2012, Froidevaux-Klipfel et al., 2015, Kashiwaya et al., 2010, Kato et 

al., 2004, Kuroda et al., 2010, Lafanechere et al., 1998, Mialhe et al., 2001, Rocha et al., 

2014, Soucek et al., 2006, Wasylyk et al., 2010, Whipple et al., 2010). However, despite 

their enormous potential, tubulin PTMs have not yet been explored therapeutically, which 

might represent an opportune area for translational and clinical research in the near future.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Glossary

Chromosome congression: the process occurring during prometaphase of mitosis that 

accounts for the alignment of chromosomes to form a metaphase plate at the spindle 

equator.

Polar ejection forces: Forces resulting from the direct action of polymerizing astral 

microtubules over chromatin (pushing force), and the action of the microtubule plus-end-

directed chromokinesins located on chromosome arms (pulling force), that lead to the 

random ejection of chromosomes away from mitotic spindle poles.

Syntelic attachments: Erroneous configuration in which both sister kinetochores are 

attached to microtubules from the same spindle pole. If not corrected, this configuration 

would contribute for chromosome missegregation during mitosis.

Tubulin acetylation: Enzymatic modification of tubulin through the attachment of one 

acetyl group to α- and/or β-tubulin. The most widely characterized acetylation event is 

the one involving K40 of α-tubulin, which faces the microtubule lumen and is mediated 

by the specific acetyltransferase αTat1. Several tubulin deacetylases (e.g. HDAC6 and 

Sirt2) have been reported to counteract the activity of αTat1. Acetylation of K40 of α-

tubulin is normally associated with stable microtubules. Other acetylation events have 

been reported, but remain to be functionally characterized.

Tubulin code: Set of tubulin PTMs that generate microtubule diversity in cells and is 

read by microtubule-associated proteins (MAPs) and motors to account for different 

microtubule-based functions in space and time.

Tubulin detyrosination: Enzymatic removal of the last tyrosine residue from the α-

tubulin c-terminal tail on specific subsets of polymerized microtubules. Tubulin 

detyrosination is mediated by a yet unidentified tubulin carboxipeptidase and reversed by 

a specific tubulin tyrosine ligase.

Tubulin modifying enzymes: Enzymes that can introduce post-translational 

modifications on tubulin, independently of specificity (some enzymes can modify other 

substrates).

Tubulin polyglutamylation: Enzymatic modification of tubulin through the attachment 

of polyglutamate side chains to specific glutamate residues in the c-terminal tail of both 

α- and β-tubulin.
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Figure 1. Key figure – Microtubule (de)tyrosination selectively guides kinetochore-based motor 
proteins required for accurate chromosome congression to the spindle equator.
Schematic representation of the impact of tubulin tyrosination/detyrosination on the 

regulation of motor proteins responsible for chromosome movements in mitosis. Dynein/

Dynactin have a preference for tyrosinated astral microtubules and counteract 

chromokinesins-mediated PEFs. By bringing chromosomes to the vicinity of the spindle 

pole-localized Aurora A kinase, Dynein/Dynactic prevents premature stabilization of 

erroneous end-on attachments and contributes to the local activation of CENP-E. At the 

pole, CENP-E interacts with detyrosinated microtubules, becoming dominant over dynein to 

move chromosomes towards the equator. Thus, the levels of microtubule (de)tyrosination 

provide the directional bias for CENP-E-mediated chromosome transport and regulate the 

Dynein/CENP-E activity switch that facilitates chromosome congression.
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Figure 2. Tubulin PTMs with potential roles in mitosis.
Illustrative model depicting different post-translational modifications of the tubulin dimers 

within a microtubule (modified from ref. (7)) with potential roles during mitosis. Acetylation 

of lysine 40 of α–tubulin occurs on the microtubule lumen and is mediated by the tubulin 

acetyl transferase αTAT1, whereas deacetylation is performed by at least two deacetylases, 

HDAC6 and Sirt2. Detyrosination of α–tubulin and polyglutamylation of both α– and β–

tubulin take place at the outer surface of the microtubule lattice, which is in direct contact 

with motor proteins. Tubulin detyrosination is driven by a yet-unidentified tubulin 

carboxypeptidase (TCP), while retyrosination requires action of the tubulin tyrosine ligase 

(TTL). Polyglutamylation is catalyzed by multiple TTL-like (TTLL) glutamylases and 
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reversed by several deglutamylases. Phosphorylation of Ser172 of β-tubulin occurs 

specifically during mitosis and is mediated by Cdk1 kinase.
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Figure 3. Microtubule detyrosination on a subset of mitotic spindle microtubules is required for 
accurate chromosome congression.
a) Point-scanning confocal immunofluorescence images of U2OS cells stained for DNA [4′,
6- diamidino-2-phenylindole (DAPI), blue], anti-centromere antibody (ACA, white), 

tyrosinated tubulin (green), and detyrosinated tubulin (red). Note that the astral microtubules 

are immuno-stained exclusively with tyrosinated tubulin antibody, as detyrosination occurs 

only on more stable kinetochore (and possibly interpolar) microtubules. Scale bar, 10 μm. b-

e) Spinning-disk confocal imaging of live U2OS cells stably expressing CENP-A–GFP and 

mCherry-tubulin. Pole-proximal chromosomes are unable to congress and remain locked at 
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the poles when either CENP-E activity is inhibited (c) or microtubule detyrosination is 

prevented using the TCP inhibitor parthenolide (d). In contrast, TTL depletion prevents pole-

proximal chromosomes to reach the pole causing their ejection in random directions (e). 

Arrowheads highlight chromosomes that cannot reach the pole, likely due to the Dynein loss 

of function on now detyrosinated astral microtubules and/or are ejected away from the pole 

by the enhanced CENP-E activity on detyrosinated astrals. Time, hours:min. Scale bar, 10 

μm.
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Table 1
Summary of known “readers” of the tubulin code with roles in mitosis

Protein Preference for 
tubulin PTMs

Roles during cell division References (for tubulin PTMs)

CENP-E/Kinesin-7 Detyrosination Polar chromosome congression (Barisic et al., 2015)

CLIP-170 Tyrosination Chromosome congression; Stabilization of kinetochore-
microtubule attachments

(Peris et al., 2006)

Dynein/Dynactin Tyrosination Poleward movement of peripheral chromosomes; 
chromosome congression; spindle pole focusing; 
spindle orientation; spindle assembly checkpoint 
inactivation; prevention of erroneous kinetochore-
microtubule attachments

(McKenney et al., 2016, Nirschl et 
al., 2016, Peris et al., 2006)

MCAK/Kinesin-13 Tyrosination Correction of kinetochore-microtubule attachments; 
regulation of kinetochore-microtubule dynamics

(Peris et al., 2009, Sirajuddin et al., 
2014)

Kif2a/Kinesin-13 Tyrosination Mitotic spindle assembly and length; Spindle midzone 
organization

(Peris et al., 2009)

Spastin Polyglutamylation Abscission during cytokinesis (Lacroix et al., 2010, Roll-Mecak 
and Vale, 2008, Valenstein and 
Roll-Mecak, 2016)
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