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Background: �4 binds to the PP2A catalytic subunit and the microtubule-associated E3 ligase MID1.
Results:MID1-dependent monoubiquitination promotes calpain-mediated cleavage of �4, altering its phosphatase regulatory
function.
Conclusion:Defects in this regulatory process may underlie theMAP hypophosphorylation and hyperphosphorylation seen in
Opitz syndrome and Alzheimer disease.
Significance: Pharmacological agents that interfere with �4 monoubiquitination or cleavage are potential therapeutics to treat
Alzheimer disease.

Multiple neurodegenerative disorders are linked to aberrant
phosphorylation of microtubule-associated proteins (MAPs).
Protein phosphatase 2A (PP2A) is themajorMAP phosphatase;
however, little is known about its regulation atmicrotubules.�4
binds the PP2A catalytic subunit (PP2Ac) and the microtubule-
associated E3 ubiquitin ligase MID1, and through unknown
mechanisms can both reduce and enhance PP2Ac stability. We
show MID1-dependent monoubiquitination of �4 triggers cal-
pain-mediated cleavage and switches �4’s activity from protec-
tive to destructive, resulting in increased Tau phosphorylation.
This regulatory mechanism appears important in MAP-depen-
dent pathologies as levels of cleaved �4 are decreased in Opitz
syndrome and increased in Alzheimer disease, disorders char-
acterized by MAP hypophosphorylation and hyperphosphory-
lation, respectively. These findings indicate that regulated inter-
domain cleavage controls the dual functions of �4, and
dysregulation of �4 cleavagemay contribute to Opitz syndrome
and Alzheimer disease.

Deregulation of protein phosphatase 2A (PP2A)2 has been
implicated in a variety of microtubule-associated protein

(MAP)-dependent pathologies such asAlzheimer disease (AD),
Opitz syndrome (OS), and various cancers (1–3). Several regu-
latory mechanisms have been described for PP2A, including
post-translational modifications of the PP2A catalytic subunit
(PP2Ac) and the association of PP2Ac with regulatory subunits
(4, 5). Although themost studied forms of PP2A are the hetero-
trimeric holoenzymes, which consist of PP2Ac, a structural A
subunit and a variable B subunit that dictates substrate selec-
tivity and subcellular localization of the phosphatase holoen-
zyme, PP2Ac also interactswith a number of atypical regulatory
subunits independent of the canonical A and B subunits.
Within this group is �4, a direct interacting partner of PP2Ac
that also binds the microtubule-associated E3 ubiquitin ligase
MID1 and plays a crucial role in modulating PP2Ac polyubiq-
uitination and stability (6–9). Loss of functionmutations in the
MID1 gene are the underlying cause of OS (10), a congenital
disorder characterized by defects in midline development and
significant increases in microtubule-associated PP2A activity
(1). �4 initially was shown to tether PP2Ac to MID1 and pro-
mote polyubiquitination and degradation of microtubule-asso-
ciated PP2Ac (1); however, subsequent studies revealed that �4
can also protect PP2Ac from polyubiquitination and protea-
somal degradation (7–9). These findings indicate that �4 may
exhibit both protective and destructive actions in the control of
PP2Ac cellular levels.
In this report, we demonstrate thatMID1 functions as the E3

ubiquitin ligase for monoubiquitination of �4, which triggers
calpain-mediated cleavage of the C-terminal MID1-binding
domain of�4. Furthermore, we demonstrate that PP2Ac stabil-
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ity is influenced by the monoubiquitination state of �4. Mono-
ubiquitination of �4 promotes calpain-mediated cleavage and
switches its activity from protective to destructive toward
PP2Ac. Consistent with these results, we observed increased
phosphorylation of the microtubule-associated Tau protein in
cells overexpressing the N-terminal cleavage product of �4 rel-
ative to cells overexpressing full-length �4. Finally, analysis of
post-mortem AD tissue and cells derived from an OS fetus
revealedmarked alterations in �4 cleavage, thus indicating that
defective �4 monoubiquitination/cleavage and consequential
deregulation of PP2A function may be involved in the patho-
genesis of OS and AD.

EXPERIMENTAL PROCEDURES

Human Tissue—After receiving human subjects approval
from theUniversity ofWashingtonhuman subjects division,we
obtained de-identified samples of post-mortem temporal cor-
tex tissue from AD and age-matched control cases from the
University of Washington Alzheimer Disease Research Center
Neuropathology Core (Core leader, Dr. ThomasMontine). The
tissues were lysed by sonication in a high salt buffer, and the
clarified lysates were analyzed via Western blot.
Cell Culture and Transfections—HEK293FT cells were cul-

tured in DMEM supplemented with 10% fetal calf serum and 2
mM L-glutamine. HEK/Tau stable cells (11) were grown under
the same conditions except themedia also contained 100�g/ml
Zeocin to maintain Tau selection. Human embryonic fibro-
blasts (HEFs) derived from a fetus with Opitz syndrome and
from an age-matched control fetus were described previously
(15) and grown in DMEM supplemented with 10% fetal calf
serum and 2 mM L-glutamine. HEK293FT and HEK/Tau cells
were transfected with mammalian expression constructs using
FuGENE 6 (Roche Applied Science) according to the manufac-
turer’s protocol. MID1-targeted siRNA was introduced into
HEK293FT cells using Dharmafect (Thermo Fisher Scientific)
according to the manufacturer’s protocol.
InVitroUbiquitinationAssays—The ability ofMID1�E2 pairs

to form polyubiquitin chains was determined using the E3LITE
customizable ubiquitin ligase kit (LifeSensors). PP2Ac and �4
ubiquitination assays were performed using either a ubiquitin-
protein conjugation kit (BostonBiochem) as described previ-
ously (9) or purified conjugation enzymes. Details of the in vitro
ubiquitination assays can be found in the supplemental “Mate-
rials and Methods.”
Mass Spectrometry (MS)—FLAG-�4 was immunopurified

fromHEK293FT cells and subjected to SDS-PAGE. Full-length
FLAG-�4 and the proteolytic fragment of FLAG-�4 were visu-
alized by Colloidal Blue staining and excised from the gel.
Excised gel fragments were digested with trypsin and analyzed
by C18 reverse-phase LC-MS/MS using a Thermo LTQ-XL
Orbitrap ion trap tandemmass spectrometer. TandemMSdata
were analyzed with the Sequest algorithm.
Cycloheximide Chase Experiments—HEK293FT cells trans-

fected with either HA3-PP2Ac alone or together with FLAG-�4
WT, FLAG-�4 �UIM, or FLAG-�4 A52L/A53L were treated
with 100 �g/ml cyclohexamide (Sigma) for the indicated times.
Cell lysates were then prepared and subjected to Western
analysis.

Immunoprecipitations—Clarified lysates from HEK293FT
cells expressing FLAG- or HA-tagged proteins were incubated
with anti-HA-agarose (Roche Applied Science) or anti-FLAG-
agarose (Sigma). Bound proteins were washed, eluted in SDS
sample buffer, and subjected to Western analysis. In some
cases, the FLAG-tagged proteins were eluted from the beads by
incubation in buffer containing 100 �g/ml FLAG peptide.
In Cell Western Analysis—HEK293/Tau cells expressing

FLAG-�4 wild type or FLAG-�4 Gly256* were fixed in a 96-well
plate with 4% paraformaldehyde and then permeabilized in 1�
PBS containing 0.1% Triton X-100. The permeabilized cells
were incubated with primary antibodies (diluted 1:1000 in
Odyssey blocking buffer) overnight at 4 °C and incubated with
secondary antibodies (diluted 1:500 in Odyssey blocking buffer
containing 0.2% Tween 20) for 60 min at room temperature.
Bound antibodies were visualized and quantified using the
Odyssey Infrared Imaging system and Odyssey software.
Statistics—Data are expressed as mean � S.E. Statistical

comparisons were performed using an unpaired Student’s t test
and analysis of variance when appropriate.
Additional experimental details, as well as a list of plasmids

and antibodies, can be found in the supplemental “Materials
and Methods.”

RESULTS

MID1 Is E3 Ubiquitin Ligase for �4—MID1, �4, and PP2Ac
form a ternary complex in cells (9). Both �4 and PP2Ac are
targeted for ubiquitination (monoubiquitination of �4 and
polyubiquitination of PP2Ac) (1, 9, 12), but the target of MID1
remains unclear. Although MID1 was initially postulated to
function as the E3 ubiquitin ligase for PP2Ac polyubiquitina-
tion (1), a recent in vitro study demonstrated that the RINGand
B-box domains of MID1 possess E3 ligase activity and can
monoubiquitinate a 45-amino acid polypeptide derived from
the C terminus of �4 (12). However, no reports have examined
whether full-length MID1 directly promotes PP2Ac and/or �4
ubiquitination. To determine whether full-length MID1 pos-
sesses E3 ligase activity and to identify the E2 ubiquitin-conju-
gation enzymes that pair with MID1, we assayed the ability of
immunopurified full-length MID1 to form polyubiquitin
chains using a panel of purified E2 enzymes. As shown in Fig.
1A, a MID1 dose-dependent increase in polyubiquitin chain
formationwas observed in presence of the E2 enzymesUBE2D3
and UBE2D2, but no detectable polyubiquitin chain formation
was seen in reactions containing the other E2 enzymes. To fur-
ther characterize the ligase activity of MID1, we incubated
FLAG-MID1 with �4 and/or PP2Ac in ubiquitination assay
mixtures containing purified E1 and various E2 enzymes. The
MID1-UBE2D3 and MID1-UBE2D2 pairs, but not the MID1-
UBE2A pair, facilitated �4 monoubiquitination and MID1
auto-polyubiquitination in the presence or absence of PP2Ac
(Fig. 1B). No appreciable PP2Ac polyubiquitination was
observed in any of the experimental conditions; however, a
faint signal corresponding to monoubiquitinated PP2Ac was
observed in the reactions containing the MID1-UBE2D3 and
MID1-UBE2D2 pairs. Because recent reports have shown that
some E3 ubiquitin ligases require multiple E2 enzymes to facil-
itate protein polyubiquitination (13, 14), we tested whether
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multiple E2 enzymes are necessary forMID1-dependent PP2Ac
polyubiquitination. Purified PP2Ac was incubated in a ubiqui-
tin-protein conjugation solution containing the E1 enzyme and
amixture of E2 enzymes (fractionA), and either amixture of E3
ligases (fraction B) or immunopurified FLAG-MID1. Western
analysis of the reactions containing the E3 ligase mixture
revealed polyubiquitinated PP2Ac species, whereas analysis of
reactions containing FLAG-MID1 showed no detectable poly-
ubiquitinated PP2Ac species (supplemental Fig. S1). Together,
these data indicate that MID1 functions as the E3 ubiquitin
ligase for �4 monoubiquitination but fails to promote PP2Ac
polyubiquitinaton even in the presence ofmultiple E2 enzymes.
Moreover, these data raise the possibility that a different E3
ligase is responsible for PP2Ac polyubiquitination.

To determine whether MID1 facilitates �4 monoubiquitina-
tion in mammalian cells, we co-transfected HEK293FT cells
with HA-ubiquitin and FLAG-�4, together with control siRNA
orMID1-targeted siRNA. The expression of endogenousMID1
was reduced dramatically in cells transfectedwithMID1 siRNA
relative to cells transfected with control siRNA (Fig. 1C).West-
ern analysis of the ubiquitinated proteins isolated from the cell
lysates revealed significantly decreased �4monoubiquitination
but not total protein ubiquitination in cells harboring MID1
siRNA compared with the control cells (Fig. 1C). These cellular
findings further establish MID1 as the E3 ubiquitin ligase for
�4.
Monoubiquitination of �4 Promotes Its Cleavage—�4 is a

multi-domain protein with an unstructured C terminus (8, 15,

FIGURE 1. MID1-dependent monoubiquitination promotes cleavage of the C terminus of �4. A, the indicated E2 enzyme was incubated with increasing
concentrations of purified FLAG-MID1for 1 h, and the ability of each MID1/E2 pair to form polyubiquitin chains was measured using the customizable E3LITE
ubiquitin ligase kit. B, ubiquitination assays were performed for 1 h in the presence (�) or absence (�) of purified FLAG-MID1, PP2Ac, FLAG-�4, and the
indicated E2 enzyme (UBE2). Ubiquitinated MID1, �4, and PP2Ac species were visualized by Western analysis using the corresponding antibodies. C, HEK293FT
cells were transfected with HA-ubiquitin (HA-Ub) and FLAG-�4 plasmids alone or together with MID1 siRNA (�) or control siRNA (�). Ubiquitinated proteins
were isolated from the cell extracts using a HA-affinity matrix (HA-IPs). The HA-IPs and cell lysates were analyzed by Western using antibodies recognizing �4
and ubiquitin. The cell lysates were also analyzed by Western using a MID1-specific antibody to confirm protein knockdown. The monoubiquitinated �4 and
cleaved �4 signals were normalized to the total �4 signal in the corresponding cell lysate, and the normalized monoubiquitinated and cleaved �4 values from
the MID1 knockdown conditions were compared with the corresponding values in the control siRNA conditions, which were set at 100. Values represent
means � S.E. *, p � 0.001. Some unmodified FLAG-�4 (nonspecific) was detected in the HA-IPs, but the levels of unmodified FLAG-�4 were not statistically
different between the control and experimental condition from multiple experiments. D, HEK293FT cell expressing HA-Ub and/or FLAG-�4 were treated with
increasing concentrations of PYR41 for 4 h prior to lysis. Monoubiquitinated FLAG-�4 and total ubiquitinated proteins were visualized by Western analysis of
the HA-IPs using �4- and ubiquitin-specific antibodies. Cell lysates were also subjected to Western analysis using an �4 antibody. The �4 monoubiquitin
(MonoUb) and �4 cleavage signals from PYR41-treated cells were normalized to the signal from untreated cells. Values represent means � S.E. *, p � 0.01.
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16). We detected a proteolytic fragment of �4 (27 kDa) in
lysates of cells expressing an N-terminal FLAG-tagged form of
this protein (Fig. 1C). Both full-length and truncated �4 were
immunoreactive with a FLAG antibody and an antibody
directed against the N terminus of �4, but only the full-length
protein was recognized with an antibody directed against the C
terminus of �4 (Fig. 1C and data not shown), thus demonstrat-
ing that in cells �4 is subject to proteolytic cleavage resulting in
a truncated protein that lacks the C terminus (�4�C). Unex-
pectedly, we also observed that the amount of�4 cleavage prod-
uct appeared to parallel the monoubiquitination state of �4 as
cells harboring MID1 siRNA exhibited decreased cleavage and
monoubiquitination in comparison with control cells (Fig. 1C).
Quantification of these data revealed that the MID1 siRNA-
induced decrease in �4 cleavage and monoubiquitination was
not due to alterations in total FLAG-�4 levels (Fig. 1C, bottom
panel). These findings point to an unprecedented monoubiq-
uitination-regulated proteolysis event.
To better understand the relationship between �4 mono-

ubiquitination and cleavage and to rule out any MID1-inde-
pendent effects of the MID1 siRNA on �4 cleavage, we treated
target cells with increasing concentrations of the E1 enzyme
inhibitor PYR41. As shown in Fig. 1D, the monoubiquitination
and cleavage of �4 both decreased in a strikingly similar PYR41
dose-dependent manner. In agreement with previous reports
(17), we did not observe significant changes in total ubiquitin
conjugates with PYR41 (Fig. 1D). These data further illustrate
that alterations in �4 monoubiquitination influence its own
cleavage.
Because our previous study demonstrated that human �4

contains a ubiquitin-interacting motif (UIM; residues 46–60)
(9), we asked whether mutation or deletion of this motif influ-
enced �4monoubiquitination and cleavage product formation.
Like other UIM-containing containing proteins (18), we found

that deletion of the UIM within �4 (�UIM) prevented the pro-
tein from undergoing monoubiquitination (Fig. 2A). Our anal-
yses of multiple �4 UIM point mutants also identified a double
point mutant of �4 (A52L/A53L) that exhibited increased
monoubiquitination (Fig. 2A). Importantly, notable differences
in the amount of cleavage product (�4�C) were observed in
these cells; A52L/A53L-expressing cells exhibited higher levels
of �4�C relative to wild type �4-expressing cells, but very little
�4�C was detected in �UIM-expressing cells (Fig. 2A). Thus,
�4 cleavage is dependent on its monoubiquitination: A52L/
A53L � wild type �4 �� �UIM. These findings, together with
the results of the MID1 knockdown and PYR41 experiments,
support our hypothesis that MID1-dependent monoubiquiti-
nation of �4 triggers its proteolytic cleavage.

�4 Monoubiquitination and Cleavage Are Important in Reg-
ulation of PP2Ac Stability—The gene encoding �4 (IGBP1) is
an essential gene as its deletion causes lethality of the host and
cellular apoptosis (19). Furthermore, studies of conditional
�4-null mouse embryonic fibroblasts have revealed that �4
plays a crucial role in themaintenance of PP2Ac stability (7). To
explore a potential role of �4monoubiquitination and cleavage
in the regulation of PP2Ac stability, we performed cyclohexi-
mide chase studies of cells expressing HA3-PP2Ac alone or
together with various FLAG-tagged �4 constructs exhibiting
differing degrees ofmonoubiquitination and cleavage. The cells
were treated with cycloheximide 48 h post-transfection to
inhibit new protein synthesis, and the levels of HA3-PP2Ac
were monitored at various time points after cycloheximide
treatment (Fig. 2B). Consistent with our previous report (8), we
observed a progressive decline inHA3-PP2Ac levels over the 8 h
cycloheximide time course in cells expressing HA3-PP2Ac
alone, but the levels of HA3-PP2Ac remained stable during this
period in cells coexpressing wild type �4. Surprisingly, HA3-
PP2Ac levels also remained stable in cells coexpressing �UIM

FIGURE 2. �4 monoubiquitination and cleavage are essential for PP2Ac turnover. A, HEK293FT cells were transfected with HA-ubiquitin (HA-Ub) and either
empty vector (�), wild type FLAG-�4 (WT), a UIM deletion mutant of FLAG-�4 (�UIM), or a FLAG-�4 double point mutant (A52L/A53L). Western analysis of the
HA-IPs was performed using �4 and ubiquitin antibodies. Cell lysates were similarly probed using an �4-specific antibody. B, HEK293FT cells expressing
HA3-PP2Ac alone or together with empty vector (EV), FLAG-�4 WT, A52L/A53L, or �UIM were treated with 100 �g/ml cycloheximide (CHX) at 48 h post-
transfection and then lysed at the indicated time points after treatment. The lysates were analyzed by Western using antibodies recognizing HA3-PP2Ac and
�4. Samples were analyzed for statistically significant changes relative to the corresponding HA3-PP2Ac � FLAG-�4 WT samples. *, p � 0.05 (analysis of
variance).

Monoubiquitination-induced Cleavage of �4

24210 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 287 • NUMBER 29 • JULY 13, 2012



after cycloheximide treatment; however, the levels of HA3-
PP2Ac progressively declined in cells coexpressing A52L/
A53L. These results indicate that the monoubiquitination- and
cleavage-resistant �UIM construct prevents HA3-PP2Ac turn-
over, whereas theA52L/A53Lmutant, which exhibits increased
monoubiquitination and cleavage, allows HA3-PP2Ac turn-
over. Furthermore, these data highlight a role for �4 monou-
biquitination and cleavage in the control of PP2Ac turnover.
Calpain-mediated Cleavage of �4 Occurs at Phe255-Gly256

Bond—We next sought to determine the cleavage site in �4.
Electrospray ionization high-pressure liquid chromatography
tandemmass spectrometry of �4 and �4�C identified multiple
overlapping peptides that corresponded to the N-terminal por-
tion of �4. However, one peptide was found to be unique to
�4�C, NMAQAKVF (supplemental Fig. S2); no �4 peptides
beyond this region were identified in the cleaved protein, but
peptides covering the entire sequence were identified in the
full-length �4 sample (Fig. 3A). Western analysis of cells
expressing FLAG-tagged wild type �4 or an �4 construct
encompassing residues 1–255 (Gly256*) revealed that Gly256*
comigrated exactly with the authentic cleavage fragment
derived from full-length FLAG-�4 (Fig. 3B). Together, these
data demonstrate that the 27-kDa fragment of �4 (�4�C) is the
result of proteolytic cleavage of the full-length protein between
residues Phe255 and Gly256.
Analysis of the amino acid residues flanking the �4 cleavage

site identified a potential calpain consensus sequence (Fig. 4A).
To test whether calpains are responsible for the cleavage of �4,
we treated cells expressing FLAG-�4 with increasing concen-
trations of the calpain inhibitors calpeptin or Z-Leu-Leu-CHO
and monitored cleavage product formation by Western analy-
sis. The calpain inhibitors potently protected FLAG-�4 from
cleavage (Fig. 4B). Because the VF residues are conserved
amongmany different species of�4 (Fig. 4A), calpain-mediated
cleavage at Phe255 may represent an evolutionarily conserved
mode of regulation for �4. Additional support for this proposal
comes from our observations showing that the Drosophila
homolog of �4, Tap42, is also targeted for both monoubiquiti-
nation and cleavage (supplemental Fig. S3).
Cleavage of �4 Regulates Its Interaction with MID1—Previ-

ous studies have shown that PP2Ac binds to the N-terminal
domain of �4 (16), whereas MID1 binds to the C-terminal
domain of �4 (1, 6), yet both domains are required for �4-me-
diated protection of PP2Ac frompolyubiquitination and degra-

dation (8). Because �4 cleavage (at the Phe255-Gly256 bond)
occurs within the previously identified MID1 binding region,
we performed experiments to determine whether the cleavage
product of �4 still retains the ability to bind MID1. Western
analysis of FLAG immune complexes from HEK293FT cells
co-expressing Myc-MID1 and either wild type FLAG-�4 or
FLAG-�4 Gly256* revealed that both forms of �4 bound to
PP2Ac, but only full-length �4 interacted with MID1 (Fig. 4C).
These results demonstrate that the C-terminal 84 amino acids
of human �4 (amino acids 256–340) are necessary for MID1
binding. Furthermore, these findings indicate that �4 cleavage
likely leads to the disruption of MID1��4�PP2Ac complexes.
Regulation of Tau Phosphorylation by �4 Cleavage—The

MID1��4�PP2A complex is localized to microtubules via the
interaction of MID1 with microtubule structures and is
thought to be involved in the maintenance of microtubule sta-
bility (6, 20, 21). Although the precise function of this complex
in microtubule stabilization remains unclear, it likely involves
PP2A-mediated dephosphorylation of various MAPs. Tau is
one such MAP that is targeted for PP2A dephosphorylation at
multiple epitopes (22). To test whether �4 cleavage plays a role
in the control of PP2Ac-dependent Tau dephosphorylation, we
transfectedHEK293 cells stably expressing theTau protein (11)
with HA3-PP2Ac and either wild type FLAG-�4 or FLAG-�4
Gly256*. The levels of Tau Ser262 and Thr205 phosphorylation
were significantly elevated in FLAG-�4Gly256*-expressing cells
relative to wild type FLAG-�4-expressing cells as monitored by
in-cell Western blots (Fig. 5A). These data support the hypoth-
esis that �4 cleavage leads to a loss of PP2Ac at microtubules
and consequential increased phosphorylation of PP2A-sensi-
tive sites within Tau.

�4 Cleavage Is Decreased in OS—Loss of function mutations
in the MID1 gene are the underlying cause of OS (10), a con-
genital disorder characterized by defects in midline develop-
ment, increases in microtubule-associated PP2A activity, and a
global hypophosphorylation of MAPs (1). To determine
whether �4 cleavage is altered in OS, we probed lysates of
human embryonic fibroblasts derived from a fetus with OS
(OS-HEFs) and control HEFs for the presence of the �4 cleav-
age product (�4�C). The amount of cleaved �4 detected in the
OS-HEFs was significantly reduced compared with control
HEFs (Fig. 5B), thus supporting a potential role for deregulated
�4 cleavage in the pathogenesis of OS. Furthermore, like the
HEK293FT cells expressing FLAG-�4 (Fig. 4B), treatment of

FIGURE 3. �4 cleavage occurs at the Phe255-Gly256 bond. A, coverage map of the full-length �4 and cleaved �4 peptides determined by mass spectrometry.
Closed boxes mark peptide regions identified in full-length FLAG-�4; open boxes mark peptide regions identified in the FLAG-�4 cleavage product. The residues
highlighted in gray correspond to the unique peptide found only in the �4 cleavage product. The MS spectrum for this peptide can be found in supplemental
Fig. S2. B, HEK293FT cells expressing empty vector (EV), wild type FLAG-�4 (WT), or FLAG-�4 1–255 (G256*) were analyzed by Western using an �4-specific
antibody.
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FIGURE 4. Calpain-mediated cleavage of �4 results in an N-terminal fragment that binds PP2Ac but not MID1. A, sequence alignment of the region within
multiple species of �4 that encompasses the calpain cleavage site; the conserved VF residues are highlighted. B, HEK293FT cells expressing wild type FLAG-�4
were treated with increasing concentrations of calpeptin or Z-Leu-Leu-CHO for 4 h prior to lysis. Cell lysates were subjected to Western analysis using an �4
antibody. C, HEK293FT cells were transfected with wild type FLAG-�4 WT and Gly256* alone or together with (�) or without (�) Myc-MID1. FLAG-tagged
proteins were immunoprecipitated (FLAG-IPs) from the cell lysates and analyzed by Western using the Myc, PP2Ac, and �4 antibodies. The cell lysates were
analyzed similarly. asper, Aspergillus; dros, Drosophila.

FIGURE 5. Cleaved �4 increases Tau phosphorylation and is altered in OS and AD. A, HEK/Tau cells expressing HA3-PP2Ac and either wild type FLAG-�4 (�4
WT) or FLAG-�4 Gly256* (�4-G256*) were fixed in a 96-well plate and subjected to in-cell Western blotting using antibodies recognizing the FLAG epitope,
HSP90, total Tau, or the indicated phospho-Tau epitope. The phospho-Tau signal was normalized to the total Tau signal in each well, and the normalized
phospho-Tau values in �4 Gly256*-expressing cells were compared with the corresponding values in �4 WT-expressing cells, which were set at 1. Likewise, the
FLAG-�4 signal was normalized to the HSP90, and the normalized �4 values in Gly256*-expressing cells were compared with corresponding values in �4
WT-expressing cells, which were set at 1. Values represent means � S.E. *, p � 0.05, **, p � 0.01. B, lysates from Opitz syndrome-derived HEFs and aged-matched
control HEFs were analyzed by Western blotting using antibodies recognizing HSP90, �4, and PP2Ac. The graph depicts the relative �4�C levels (ratio of �4�C
signal to total �4 signal (�4�C � full-length �4)) in the two cell types with the relative �4�C levels in control HEFs set at 1. Values represent means � S.E. *, p �
0.001 from three independent experiments using the two cell lines. C, trios of age-matched AD cases (n � 10) and control patients (n � 5) post-mortem
temporal cortex tissue samples were analyzed by Western for full-length �4 and �4�C levels as described above. Samples are loaded in order of descending
age. AD represents an Alzheimer disease case, C is a normal control case. Quantification of �4�C levels were carried out using Adobe Photoshop analysis
functions and normalized to actin levels. Mean �4�C/actin ratios are 1.3 � 0.14 for AD cases and 0.78 � 0.15 for controls. Depicted error represents S.E. The
difference between AD cases and controls is statistically significant; p � 0.028.
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the HEFs with calpain inhibitors also protected endogenous �4
from cleavage (data not shown). These findings support the
notion that defects in MID1 function, as is the case in OS cells,
may lead to reduced �4 monoubiquitination/cleavage and
increased PP2A levels at microtubules, which may explain the
hypophosphorylation of MAPs seen in OS (1).

�4 Cleavage Is Increased in AD—Amyloid-�-containing
plaques and neurofibrillary tangles, composed of hyperphos-
phorylated forms of Tau, are hallmark features of AD (23).
Although the precise role of amyloid-� plaques and neurofibril-
lary tangles in disease progression remains unknown, recent
evidence indicates that these lesions are closely linked and
points to a role for abnormally hyperphosphorylated Tau in
amyloid-� toxicity (24, 25). To determinewhether deregulation
of Tau during disease coincides with alterations in �4 cleavage
and hence PP2Ac stability, we analyzed�4 cleavage in temporal
cortex tissue samples from 10 Alzheimer cases and five control
cases. As shown in Fig. 5C, �4 cleavage was significantly
enhanced in AD brains.

DISCUSSION

In this report, we show thatMID1 possesses E3 ligase activity
and directly facilitates �4 monoubiquitination, which triggers
calpain-mediated cleavage of the PP2A regulatory subunit.
Monoubiquitination has been shown previously to impact the
activity and subcellular localization ofmany proteins (26); how-
ever, to our knowledge, monoubiquitination-induced cleavage
represents a hitherto undescribed activity for ubiquitin. Con-
sidering the relatively large number of cellular proteins that
undergo both monoubiquitination and cleavage (e.g. IL-1R1
(27) andNotch (28)), it will be interesting to determinewhether
monoubiquitination-induced cleavage represent a more gen-
eral phenomenon for the control of protein function.
How is themonoubiquitinated form of �4 targeted for cleav-

age? Deletion of the UIMwithin �4 prevents its monoubiquiti-
nation and cleavage, thus supporting the idea that a functional
UIM is necessary for these events. We propose that the UIM
within �4, which is known to form non-covalent interactions
with ubiquitin (9), binds in cis to the ubiquitin moiety on �4
leading to a conformational change in �4 that unmasks a cal-
pain cleavage site. Although we speculate a cis conformational
change, we cannot rule out the possibility that the conforma-
tional change could be occurring in trans. Studies of calpain
substrates have revealed that the tertiary structure of the pro-
tein is important for cleavage (29); therefore, a monoubiquitin-
induced conformational change in �4 could explain why only a
fraction of �4 (i.e. monoubiquitinated �4) is targeted for
cleavage.
Our studies demonstrate that �4 monoubiquitination and

cleavage are important for facilitating PP2Ac degradation.
Because the cleaved formof�4 (�4�C) retains its ability to bind
PP2Ac but fails to bind MID1, �4 cleavage could be important
for redirecting the localization of PP2Ac and promoting the
polyubiquitination of this phosphatase by a yet unknown E3
ubiquitin ligase. Although the ubiquitinationmachinery neces-
sary for PP2Ac ubiquitination remains to be identified, our
studies provide compelling support for newmodel ofMID1/�4
regulation of PP2Ac in which MID1-mediated monoubiquiti-

nation of �4 triggers a conformational change in �4 leading to
calpain-cleavage of its MID1 binding domain and, ultimately,
PP2Ac polyubiquitination and proteasomal degradation (Fig.
6). Our studies also reconcile the apparent contradictory pro-
tective and destructive roles of�4 in the control of PP2Ac levels
(1, 7–9) and place �4 in a critical position where it can signal
either protection or degradation of PP2Ac depending on the
ubiquitination state of �4. The cytosolic form of �4 that is not
associated with MID1 likely stabilizes PP2Ac in an inactive
formuntil it can be incorporated into active PP2Aholoenzymes
(7), whereas the microtubule-associated MID1��4-bound
PP2Ac is subject to proteasomal degradation as a result of
MID1-dependent monoubiquitination and cleavage of �4.
Our studies indicate that MID1-dependent regulation of

PP2Ac levels at microtubules (via �4 monoubiquitination/
cleavage-induced PP2Ac degradation) plays a crucial role in
maintaining the proper phosphorylation state of MAPs.
Defects in this phosphatase regulatory process such as those
that occur in OS (mutatedMID1, decreased �4 cleavage, stabi-
lization of microtubule-associated PP2Ac) and AD (increased
�4 cleavage, destabilization of microtubule-associated PP2Ac)
may explain the MAP hypophosphorylation and Tau hyper-
phosphorylation seen in OS and AD, respectively. Previous
reports have shown that the AB�C holoenzyme is the major
form of PP2A responsible for Tau dephosphorylation (30, 31)
and that the A subunit competes with �4 for binding to the C
subunit (32). Because the �4-bound PP2Ac is inactive (7), and
�4 cleavage influences PP2Ac levels (Fig. 2), we hypothesize
that�4maintains a reserve pool of inactive PP2Ac at themicro-
tubules that can be quickly incorporated into active PP2A
holoenzymes. At the molecular level, increases in intracellular
calcium have been shown to promote Tau hyperphosphoryla-
tion (33). Given that �4 cleavage is mediated by calpains, which
can be hyperactivated in response to elevated calcium flux (34),
it is enticing to speculate that the hyperphosphorylation of Tau
could result from up-regulated �4 cleavage and a loss of PP2Ac

FIGURE 6. Working model for MID1/�4 regulation of PP2Ac. MID1, �4, and
PP2Ac form a ternary complex (1) in cells. Previous studies have suggested
that �4 facilitates MID1-dependent polyubiquitination of PP2Ac (2A) and
subsequent proteasomal degradation; however, our findings challenge this
paradigm and support a model in which MID1 serves as the E3 ligase for �4
(2B), leading to a conformational change in �4 whereby the UIM of �4 binds
in cis to the covalently attached ubiquitin (Ub; 3). This structural rearrange-
ment then leads to calpain-mediated cleavage of the C terminus of �4 (4),
allowing for polyubiquitination of PP2Ac by a currently unknown E3 ligase (5)
and subsequent degradation by the proteasome.
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at microtubules. Pharmacological agents that increase micro-
tubule-associated PP2A levels by interfering with �4 monou-
biquitination or cleavage are an attractive avenue for the treat-
ment of AD and other tauopathies. Two drugs that should be
considered in this regard aremetformin and sodium selenate as
they have been shown to stabilize Tau-associated PP2A and
reduce Tau phosphorylation in cellular and animal models of
AD (35–37). In summary, our studies have uncovered a novel
regulatory process for PP2A involving ubiquitination-induced
cleavage of �4, which plays a crucial role in modulating PP2Ac
levels in both normal and pathophysiological conditions.
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