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In Brief

Gholkar et al. demonstrate that the Mid2

ubiquitin ligase that is found mutated in

some individuals with X-linked

intellectual disability is important for

human cell cytokinesis. Mid2 binds astrin,

ubiquitinates astrin on lysine 409, and

targets a pool of astrin for destruction

during mitotic exit, which is required for

proper cytokinesis.
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SUMMARY

Mid1 and Mid2 are ubiquitin ligases that regulate
microtubule dynamics and whose mutation is asso-
ciated with X-linked developmental disorders. We
show that astrin, a microtubule-organizing protein,
co-purifies with Mid1 and Mid2, has an overlapping
localizationwithMid1 andMid2 at intercellular bridge
microtubules, is ubiquitinated by Mid2 on lysine 409,
and is degraded during cytokinesis. Mid2 depletion
led to astrin stabilization during cytokinesis, cytoki-
netic defects, multinucleated cells, and cell death.
Similarly, expression of a K409A mutant astrin in
astrin-depleted cells led to the accumulation of
K409A on intercellular bridgemicrotubules and an in-
crease in cytokinetic defects, multinucleated cells,
and cell death. These results indicate that Mid2 reg-
ulates cell division through the ubiquitination of as-
trin on K409, which is critical for its degradation
and proper cytokinesis. These results could help
explain how mutation ofMID2 leads to misregulation
ofmicrotubule organization and the downstreamdis-
ease pathology associated with X-linked intellectual
disabilities.

INTRODUCTION

The TRIM/RBCC (tripartite motif composed of a RING finger,

zinc binding motif/s called B-box/s, and a coiled coil region)

superfamily of E3 ubiquitin ligases has variable roles in cellular

homeostasis, including signaling, regulation of cytoskeletal

structures, and cell-cycle progression (Meroni and Diez-Roux,

2005). The Mid1 (midline 1, or Trim18) and Mid2 (midline 2, or

Trim1) ubiquitin ligases belong to the C-I TRIM subfamily and

share a similar domain architecture, with an N-terminal tripartite

motif and FN3 (fibronectin type III) and B30.2-like/RFP (Ret finger

protein) domains at their C terminus (Meroni and Diez-Roux,

2005; Figure 1A). Mid1 and Mid2 also contain a COS (C-terminal

subgroup one signature) box between the coiled coil and FN3

motif that mediates the binding of these proteins to microtubules

(Short and Cox, 2006; Figure 1A).

Mid1 and Mid2 have critical roles during development, and

mutation of MID1 has been linked to Opitz syndrome (MIM:

300000), an X-linked disease characterized by congenital anom-

alies that is manifested by the abnormal closure of midline struc-

tures (Cainarca et al., 1999), whereas mutation ofMID2 has been

linked to X-linked intellectual disabilities (MIM: 300204; Geetha

et al., 2014).Mid1 andMid2 homo- and heterodimerize (Cainarca

et al., 1999; Short et al., 2002) and have been implicated in

anchoring proteins to microtubules, in the bundling and stabiliz-

ing of microtubules, and in organizingmicrotubules during neural

tube closure (Berti et al., 2004; Short et al., 2002; Suzuki et al.,

2010). Therefore, Mid1 and Mid2 have roles in microtubule sta-

bility and organization; however, whether their ubiquitin ligase

activities are required for regulating these processes remains

to be determined. Although Mid1 ubiquitination substrates

include alpha4, the catalytic subunit of protein phosphatase

2A, and Fu, whether ubiquitination of these proteins leads to

changes in microtubule organization has not been explored

(Du et al., 2013; Schweiger et al., 2014; Trockenbacher et al.,

2001). Additionally, to our knowledge, there are no known sub-

strates of Mid2 that can explain its role in regulating microtubule

organization.

To better understand the molecular basis of X-linked develop-

mental diseases associated withmutation ofMID1 andMID2, we

analyzed the Mid1 and Mid2 interactomes and identified SPAG5

(sperm-associated antigen 5, aka hMAP126 and astrin). Astrin is

a microtubule-bundling/organizing protein critical for regulating

microtubules during cell division (Gruber et al., 2002; Mack

and Compton, 2001; Thein et al., 2007). Mid1 and Mid2 showed

an overlapping localization with astrin to intercellular bridge mi-

crotubules (ICBMTs). Depletion of Mid1 or Mid2 arrested cells

during cytokinesis and generated binucleated cells. Importantly,

Mid2 ubiquitinated astrin on lysine 409 during mitotic exit and
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