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B I O C H E M I S T R Y

Mutations in protein kinase C promote spinocerebellar 
ataxia type 14 by impairing kinase autoinhibition
Caila A. Pilo1,2, Timothy R. Baffi1†, Alexandr P. Kornev1, Maya T. Kunkel1‡, Mario Malfavon1, 
Dong-Hui Chen3, Leigh-Ana Rossitto1,2, Daniel X. Chen3, Liang-Chin Huang4, Cheryl Longman5, 
Natarajan Kannan4,6, Wendy H. Raskind7,8,9, David J. Gonzalez1, Susan S. Taylor1, 
George Gorrie5, Alexandra C. Newton1*

Spinocerebellar ataxia type 14 (SCA14) is a neurodegenerative disease caused by germline variants in the diacyl-
glycerol (DAG)/Ca2+-regulated protein kinase C (PKC), leading to Purkinje cell degeneration and progressive 
cerebellar dysfunction. Most of the identified mutations cluster in the DAG-sensing C1 domains. Here, we found 
with a FRET-based activity reporter that SCA14-associated PKC mutations, including a previously undescribed 
variant, D115Y, enhanced the basal activity of the kinase by compromising its autoinhibition. Unlike other muta-
tions in PKC that impair its autoinhibition but lead to its degradation, the C1 domain mutations protected PKC 
from such down-regulation. This enhanced basal signaling rewired the brain phosphoproteome, as revealed by 
phosphoproteomic analysis of cerebella from mice expressing a human SCA14-associated H101Y mutant PKC 
transgene. Mutations that induced a high basal activity in vitro were associated with earlier average age of onset 
in patients. Furthermore, the extent of disrupted autoinhibition, but not agonist-stimulated activity, correlated 
with disease severity. Molecular modeling indicated that almost all SCA14 variants not within the C1 domain were 
located at interfaces with the C1B domain, suggesting that mutations in and proximal to the C1B domain are a 
susceptibility for SCA14 because they uniquely enhance PKC basal activity while protecting the enzyme from 
down-regulation. These results provide insight into how PKC activation is modulated and how deregulation of 
the cerebellar phosphoproteome by SCA14-associated mutations affects disease progression.

INTRODUCTION
Conventional protein kinase C (PKC) isozymes play key roles in 
normal brain physiology, where they regulate neuronal functions 
such as synapse morphology, receptor turnover, and cytoskeletal 
integrity (1). These isozymes are transiently and reversibly activated 
by Ca2+ and diacylglycerol (DAG), the two second messenger prod-
ucts of receptor-mediated hydrolysis of phosphatidylinositol-4,5- 
bisphosphate (PIP2) (2). Tight control of not only activity but also 
steady-state protein levels is necessary for cellular homeostasis, with 
deregulation of either resulting in pathophysiology. For conven-
tional PKC isozymes, loss-of-function somatic mutations or re-
duced protein levels are associated with cancer (3); in contrast, 
gain-of-function variants have been identified in neurodegenera-
tive diseases (4–6). Thus, whereas reduced protein levels and activ-
ity of conventional PKC isozymes are associated with poorer patient 
survival in cancers such as colon and pancreatic cancer, enhanced 
activity of the conventional PKC is associated with Alzheimer’s 
disease (4, 6–8).

Spinocerebellar ataxias (SCAs) are a group of more than 40 auto-
somal dominant neurodegenerative diseases characterized by 
Purkinje cell degeneration and cerebellar dysfunction, resulting in 
progressive ataxia and loss of motor coordination and control (9). 
Each subtype of SCA is caused by germline variants in a distinct 
gene. Most of these genes encode proteins that regulate Ca2+ ho-
meostasis, including the inositol 1,4,5-trisphosphate (IP3) receptor 
IP3R1 (SCA15, SCA16, and SCA29); ataxins 2 and 3, which regulate 
IP3R1 function (SCA2 and SCA3, respectively) (10, 11); the cation 
channel TRPC3 (SCA41) (12); and mGluR1, which couples to phos-
pholipase C (SCA44) (13). Spinocerebellar ataxia type 14 (SCA14) 
is caused by missense variants in PKC (14), a conventional PKC 
isozyme whose expression is restricted to neurons, particularly 
Purkinje cells (15–17). Given that Ca2+ is an important activator of 
PKC, one intriguing theory is that enhanced PKC activity is not 
only central to SCA14 pathology but also at the epicenter of many 
other types of SCA. Thus, understanding how SCA14-associated 
variants deregulate the function of PKC has strong potential clini-
cal relevance.

Exquisite regulation of the spatiotemporal dynamics of conven-
tional PKC signaling ensures that these enzymes are only activated 
for a specific time, at defined locations, and in response to appropriate 
stimuli. In the absence of specific stimuli, these enzymes are main-
tained in an autoinhibited conformation by an N-terminal regula-
tory moiety that constrains the catalytic activity of the C-terminal 
kinase domain (18). Specifically, an autoinhibitory pseudosubstrate 
segment occupies the substrate-binding cavity to maintain the en-
zyme in an inactive conformation. In addition, multiple interac-
tions of the kinase domain with modules in the regulatory moiety 
secure the pseudosubstrate in place to prevent aberrant basal signal-
ing. These modules are the DAG-sensing C1A and C1B domains 

1Department of Pharmacology, University of California, San Diego, La Jolla, CA 
92037, USA. 2Biomedical Sciences Graduate Program, University of California, San 
Diego, La Jolla, CA 92037, USA. 3Department of Neurology, University of Washington, 
Seattle, WA 98195, USA. 4Institute of Bioinformatics, University of Georgia, Athens, 
GA 30602, USA. 5Queen Elizabeth University Hospital, Glasgow, Scotland G51 4TF, 
UK. 6Department of Biochemistry and Molecular Biology, University of Georgia, 
Athens, GA 30602, USA. 7Department of Medicine/Medical Genetics, University of 
Washington, Seattle, WA 98195, USA. 8Department of Psychiatry and Behavioral 
Sciences, University of Washington, Seattle, WA 98195, USA. 9Mental Illness Research, 
Education and Clinical Center, Department of Veterans Affairs, Seattle, WA 98108, USA.
*Corresponding author. Email: anewton@health.ucsd.edu
†Present address: La Jolla Institute for Allergy and Immunology, La Jolla, CA 92037, USA.
‡Present address: Eclipse BioInnovations, San Diego, CA 92121, USA.

Copyright © 2022 
The Authors, some 
rights reserved; 
exclusive licensee 
American Association 
for the Advancement 
of Science. No claim  
to original U.S. 
Government Works

D
ow

nloaded from
 https://w

w
w

.science.org at U
niversity of C

alifornia San D
iego on January 25, 2024

mailto:anewton@health.ucsd.edu


Pilo et al., Sci. Signal. 15, eabk1147 (2022)     27 September 2022

S C I E N C E  S I G N A L I N G  |  R E S E A R C H  A R T I C L E

2 of 16

and the Ca2+-sensing C2 domain, which pack against the kinase domain 
to maintain it in an autoinhibited conformation until the relevant 
second messengers are generated (19). Release of the pseudosub-
strate occurs upon generation of the appropriate second messengers. 
Specifically, after phospholipase C–catalyzed hydrolysis of PIP2, 
Ca2+ binds to the C2 domain, causing it to translocate to the plasma 
membrane where it is anchored by interaction of a basic surface 
with PIP2 (20). At the membrane, the C1B domain engages its 
membrane-embedded allosteric activator, DAG, resulting in release 
of the pseudosubstrate from the active site, allowing PKC to phos-
phorylate its substrates (21). This process is readily reversible upon 
decay of the second messengers, and thus, normal PKC activity is 
transient. Before PKC can adopt an autoinhibited but signaling- 
competent conformation, newly synthesized enzyme must be pro-
cessed by a series of ordered phosphorylations in the kinase domain. 
In particular, phosphorylation at a residue termed the hydrophobic 
motif is required for PKC to adopt the autoinhibited conformation 
(22). Aberrant PKC that is not properly autoinhibited is dephos-
phorylated by the phosphatase PHLPP, ubiquitinated, and degraded 
by a proteasomal pathway (22). This quality control mechanism en-
sures that only properly autoinhibited PKC accumulates in the cell. 
For example, cancer-associated variants that prevent autoinhibition 
of PKC are paradoxically loss of function because the mutant protein 
is degraded by this quality control pathway (22). Thus, autoinhibited 
PKC is stable, and prolonged activation renders PKC sensitive to 
dephosphorylation and degradation. In this regard, phorbol esters 
that bind PKC with high affinity and are not readily metabolized 
cause the acute activation but long-term down-regulation of PKC.

Since the original discovery of germline variants in PKC by 
Raskind and colleagues that defined SCA14 (14, 23, 24), about 
50 variants across all domains of PKC have now been identified in 
SCA14 (25–28). Mouse model studies by Kapfhammer and col-
leagues (29,  30) have established that a single SCA14-associated 
point mutation in PKC is sufficient to drive pathophysiology char-
acteristic of the human disease, including Purkinje cell degenera-
tion and motor deficits. Cellular studies by several groups have 
addressed the mechanism by which cerebellar degeneration in 
SCA14 may precipitate. Schrenk et al. (31) have shown that stimu-
lation of PKC in mouse cerebellar slices by treatment with phorbol 
esters leads to a decrease in Purkinje cell dendrites, whereas inhibi-
tion of PKC leads to hyper-arborization, suggesting a causative role 
for enhanced PKC activity in Purkinje cell degeneration. Others 
have observed that PKC inhibition prevents Purkinje cell death 
(32). Verbeek and colleagues (33, 34) have also identified a role for 
altered PKC activity in SCA14, showing in some cases that SCA14- 
associated PKC mutations lead to unmasking of the C1 domains to 
enhance “openness” and thus membrane accessibility of PKC, but 
concluded that these mutants have lower kinase activity. A sizable 
body of work has also focused on the role of PKC aggregation in 
SCA14. Notably, Saito and colleagues (35, 36) have shown that in 
both overexpression and in vitro systems, wild-type (WT) and mu-
tant PKC form amyloid-like fibrils and aggregates that lead to cell 
death, which can be decreased by pharmacological induction of 
heat shock proteins. Other studies have also demonstrated the pres-
ence of such aggregates in induced pluripotent stem cells from 
SCA14 patients or primary culture mouse Purkinje cells (26, 37). 
However, the precise biochemical mechanisms by which SCA14 
mutations alter PKC function to ultimately drive neurodegenera-
tion in SCA14 are still unknown.

Here, we addressed the mechanism by which SCA14 mutations 
affect PKC function using our previously developed, genetically 
encoded biosensor for PKC activity coupled with biochemical, 
molecular modeling, and bioinformatics approaches. Our studies 
revealed that SCA14-associated mutations in every segment or do-
main of PKC (pseudosubstrate, C1A, C1B, C2, and kinase) pro-
duced the same defect: impaired autoinhibition leading to increased 
basal activity. Furthermore, we found that SCA14-associated PKC 
mutations in the C1A and C1B domains, mutational hotspots for 
the disease, rendered PKC insensitive to phorbol ester–mediated 
down-regulation, an effect also observed upon deletion of either 
domain. Specifically, mutating (or deleting) the C1A domain pre-
vented dephosphorylation, the first step in down-regulation, and 
mutating (or deleting) the C1B domain permitted dephosphoryl-
ation but prevented the next step, protein degradation. Thus, C1A 
and C1B domain mutations provide unique mechanisms to deregu-
late PKC without subjecting it to degradation. Focusing on one mu-
tation in the C1A domain, F48, we found that deletion of this 
single residue (or the entire C1A domain) not only reduced autoin-
hibition resulting in high basal activity but also uncoupled the com-
munication between the pseudosubstrate and the kinase domain, 
thus trapping this PKC variant in an unresponsive but slightly 
“open” state. Structural analyses revealed that most SCA14 muta-
tions are either in the C1 domains or at common interfaces with the 
C1 domains. Furthermore, bioinformatics analyses revealed that 
mutations in the C1 domains are relatively underrepresented in 
cancer, a disease where conventional PKC function is generally lost. 
This is consistent with our findings that mutations in these domains 
will enhance, not suppress, PKC activity. Validating altered signal-
ing in a physiological context, phosphoproteomic analysis of cere-
bella from mice expressing a human bacterial artificial chromosome 
(BAC) WT or H101Y PKC transgene revealed significant alter-
ation in the phosphorylation of components related to cytoskeletal 
organization and neuronal development. Last, compilation of the 
age of SCA14 onset for patients with C1 domain mutations revealed 
that the magnitude of the biochemical defect (reduced autoinhibi-
tion) inversely correlated with age of SCA14 onset. Together, our 
results suggest that sustained “leaky” activity of PKC, by mechanisms 
that protect it from degradation, alters the cerebellar  phospho proteome 
to drive SCA14 pathology.

RESULTS
Previously undescribed PKC D115Y is a pathogenic 
variant for SCA14
SCA14 is caused by germline variants in PKC, of which more than 
50 unique variants have been identified (Fig. 1A) (25–27). Although 
these variants occur in every domain of the kinase, most cluster to 
the C1 domains, particularly the C1B domain. This small globular 
DAG-binding domain coordinates two Zn2+ ions through invariant 
histidine and cysteine residues (Fig. 1A, residues of motif in red). 
Mutation of any of the Zn2+-coordinating residues abolishes or se-
verely impairs phorbol ester binding (38). The SCA14 C1B variants 
occur with the highest frequency at residues within the zinc finger 
motif, suggesting that these mutants may affect ligand binding to 
C1B and, thus, proper regulation of kinase activity. Here, we also 
report on a previously undescribed variant, D115Y, identified by 
whole-genome sequencing of a patient who was diagnosed with 
ataxia. Magnetic resonance imaging (MRI) on the patient harboring 
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the D115Y variant revealed significant cerebellar degeneration when 
compared with a healthy, age-matched individual (Fig. 1B), a hall-
mark of SCA. This patient’s mother came from a large family, with 
6 of 12 siblings diagnosed with ataxia (Fig. 1C, bottom, black 
fill), consistent with the autosomal dominant nature of the disease. 
Of the subset of this patient’s family who underwent whole-genome 
sequencing (Fig. 1C, top left, blue fill), three individuals diagnosed 
with ataxia harbored the D115Y variant (Fig. 1C, top right, red fill), 
whereas the one healthy individual who was sequenced did not harbor 
this variant (Fig. 1C, no fill), indicating segregation of the variant with 
the disease.

SCA14-associated PKC mutants display 
decreased autoinhibition
To assess how SCA14 mutations affect PKC function, we first ad-
dressed their effect on the basal and agonist-evoked activity of 
PKC in cells using the genetically encoded fluorescence resonance 
energy transfer (FRET)–based biosensor C kinase activity reporter 2 

(CKAR2) (39). Mutations in each domain 
were selected for analysis, including the 
previously uncharacterized D115Y muta-
tion in the C1B domain. In addition, con-
structs lacking the pseudosubstrate segment 
(PS) or regulatory domain (C1A, C1B, 
or C2) were analyzed. COS7 cells co-
expressing mCherry-tagged PKC con-
structs and the reporter were sequentially 
treated with (i) uridine-5′-triphosphate 
(UTP), which activates purinergic recep-
tors to elevate DAG and Ca2+, to transiently 
activate PKC and observe differences 
in activation and reautoinhibition after 
stimulus, (ii) phorbol 12,13-dibutyrate 
(PDBu) to maximally activate PKC, and 
(iii) the phosphatase inhibitor calyculin 
A to assess maximal phosphorylation of 
the reporter; traces were normalized to 
this end point. UTP stimulation of cells 
caused a transient activation of endoge-
nous (gray) and overexpressed WT PKC 
(orange) that was reversed as the enzyme 
regained the autoinhibited conformation 
after second messenger decay, as previ-
ously reported (40) (Fig. 2A). Treatment 
with phorbol ester stimulated nearly 
maximal phosphorylation of the re-
porter in cells overexpressing WT PKC; 
endogenous PKC required phosphatase 
suppression with calyculin A to observe 
maximal reporter phosphorylation (Fig. 
2A). These kinetics are characteristic 
of properly autoinhibited PKC (22). In 
contrast, the two SCA14 pseudosubstrate 
mutants (A24T and R26G) had high basal 
activity resulting in only modest addi-
tional activation by UTP and phorbol 
esters, approaching the level of dereg-
ulated autoinhibition observed upon 
deletion of the entire pseudosubstrate 

segment (PS) (Fig. 2A). The C1A SCA14 mutation F48, in which 
a single residue is deleted (no frameshift), also had high basal activity 
but was relatively unresponsive to stimulation with UTP or PDBu 
(Fig. 2B). This signature of high basal activity and lack of response 
to agonists was also observed upon deletion of the entire C1A 
domain (C1A). Mutations in the C1B domain, including D115Y, 
all caused an increase in basal activity but, in contrast to the C1A 
mutations, did not uncouple responsiveness to UTP and PDBu, 
similar to the effect observed with C1B domain deletion (C1B) 
(Fig. 2C). Mutations in the C2 domain, as well as deletion of the 
entire C2 domain, resulted in slightly enhanced basal activity but 
reduced response to agonist (Fig. 2D). Last, mutations in the kinase 
domain (S361G) and C-tail (F643L) resulted in both an increase in 
basal activity and an increase in agonist-evoked activity compared 
with WT PKC (Fig. 2E). Note that experiments using the pre-
viously characterized CKAR1 (41), under similar experimental condi-
tions, produced the same qualitative results as CKAR2, although 
CKAR2 displayed a larger dynamic range (fig. S1). Every mutant 

A

C

B

Fig. 1. PKC in SCA14. (A) Primary structure of PKC with all known SCA14 variants indicated in boxes beneath each 
domain (24–27). Previously unidentified patient variant D115Y is indicated by the blue box. Previously published 
crystal structure (61) of PKCII C1B domain is shown, with Zn2+ (cyan spheres) and DAG binding sites labeled (PDB: 
3PFQ). Conserved His and Cys residues of Zn2+ finger motif are shown in red in PKC primary sequence. (B) MRI of 
patient at age 46 with D115Y variant (top) compared with age-matched healthy control (bottom); green arrow indicates 
cerebellar atrophy. (C) Pedigree of family with PKC D115Y variant; black shape fill indicates family members diag-
nosed with ataxia, blue shape fill indicates family members that have been sequenced, and red shape fill indicates 
family members with D115Y variant.
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tested exhibited higher basal activity compared with WT but with 
varying degrees of deregulation, as revealed by quantitation 
of the initial FRET ratio of each trace, normalized to that of WT 
enzyme (Fig. 2F). The higher basal activity observed in these assays 
was not due to higher expression of the ataxia mutants in cells, 
because quantitation of mCherry fluorescence revealed similar 
protein levels of WT and ataxia mutants (fig. S2). Thus, SCA14 
mutations in every domain of PKC consistently display impaired 
autoinhibition.

PKC with impaired autoinhibition is in a more open conforma-
tion with its membrane-targeting modules unmasked, resulting in 
enhanced membrane affinity and faster kinetics of agonist-dependent 
membrane translocation (21). To further characterize how SCA14- 
associated mutations in the C1 domains affect the openness of PKC, 
we examined the translocation of the SCA14 mutants D115Y and 
F48 compared with WT using a FRET-based translocation assay. 
Plasma membrane–targeted cyan fluorescent protein (MyrPalm- 
CFP) was cotransfected with yellow fluorescent protein (YFP)–
tagged WT, D115Y, C1B, F48, or C1A PKC in COS7 cells, and 
the increase in FRET after stimulation of cells with PDBu, a 
measure of membrane association, was determined (Fig.  3). In 

response to PDBu, the D115Y mutant associated much more robustly 
with the plasma membrane compared with WT, consistent with 
the unmasking of membrane-targeting modules (Fig. 3A). Further-
more, deletion of the C1B domain (C1B) prevented translocation 
above WT levels, suggesting that the C1B domain is the predomi-
nant binder of plasma membrane–embedded PDBu. On the other 
hand, deletion of the C1A domain (C1A) enhanced plasma mem-
brane binding, suggesting that the loss of the C1A unmasked the 
C1B domain to facilitate PDBu binding. F48 translocated with 
kinetics and magnitude comparable to WT, which could be ac-
counted for by proper masking of its C1B domain (with normal 
accessibility to ligand) (Fig. 3B). To further assess enhanced mem-
brane association of the D115Y mutant, we coexpressed mCherry- 
tagged PKC WT and YFP-tagged PKC D115Y in COS7 cells 
and monitored phorbol ester–stimulated translocation within the 
same cells (Fig. 3C). Both WT and D115Y displayed diffuse localiza-
tion in the cytosol before PDBu treatment. Whereas there was little 
detectable difference in translocation of the WT PKC 4 min after 
addition of PDBu, D115Y PKC displayed enhanced plasma mem-
brane association, which was sustained at 16 min after PDBu ad-
dition. Thus, these results are consistent with the D115Y being in 

A B C

D E F

Fig. 2. SCA14 mutants exhibit impaired autoinhibition compared with WT PKC. (A to E) COS7 cells were transfected with CKAR2 alone (endogenous; gray) or cotrans-
fected with CKAR2 and the indicated mCherry-tagged PKC construct: WT PKC (orange), a PKC lacking a pseudosubstrate (PS), or the indicated pseudosubstrate 
SCA14 mutants in (A); the C1A or F48 (C1A domain) in (B); the C1B or C1B SCA14 mutants in (C); the C2 or C2 SCA14 mutants in (D); or the kinase-domain and C-tail 
SCA14 mutants in (E). PKC activity was monitored by measuring FRET/CFP ratio changes after sequential addition of 100 M UTP, 200 nM PDBu, and 50 nM calyculin A at 
the indicated times. Data were normalized to the end point (1.0) and show mean ± SEM from at least two independent experiments; N ≥ 17 (A), N ≥ 16 (B), N ≥ 19 (C), N ≥ 
11 (D), and N ≥ 33 (E) cells per condition. In (B) to (E), the PKC WT and endogenous data (dashed lines) are reproduced from (A) for comparison. (F) Quantification of 
percent increase in basal activity in (A) to (E) over WT PKC.
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a more basally open conformation, resulting in enhanced associa-
tion with plasma membrane after phorbol ester treatment.

SCA14 mutants evade phorbol ester–mediated degradation 
yet display higher turnover
Because reduced autoinhibition of PKC renders the constitutive 
phosphorylation sites within the kinase domain and C-tail highly 
phosphatase labile, we examined the phosphorylation state of the 
basally active SCA14 mutants in the Triton-soluble lysate fraction. 
Phosphorylation of hemagglutinin (HA)–tagged PKC WT, the in-
dicated SCA14 mutants, C1A, or C1B overexpressed in COS7 
cells was assessed by monitoring the previously characterized 
phosphorylation-induced mobility shift that accompanies phosphor-
ylation of the two C-terminal sites (42) or using phospho-specific 
antibodies to the activation loop (pThr514), the turn motif (pThr655), 
and the hydrophobic motif (pThr674) by Western blot (Fig. 4A). 
WT PKC migrated predominantly as a slower mobility species 
(phosphorylated); this slower mobility species was detected with 
each of the phospho-specific antibodies. In contrast, the C1B mi-
grated as a single species and was not phosphorylated at any of the 
processing sites [note that for the activation loop (pThr514) blot, the 
band present represents endogenous PKC]. Each SCA14 mutant had 
reduced phosphorylation compared with WT as assessed by the ratio 
of upper (phosphorylated) to lower (unphosphorylated) bands, with 
D115Y having the smallest defect and F48 having the largest defect. 
The accumulation of dephosphorylated mutant PKC is consistent 
with increased PHLPP-mediated dephosphorylation of defectively 
autoinhibited PKC at the hydrophobic motif (22).

Given the increase in dephosphorylated species of SCA14 mu-
tants, we next addressed whether these mutants were more suscepti-
ble to down-regulation (loss of total protein) than WT PKC. COS7 
cells overexpressing HA-tagged PKC WT, the indicated SCA14 
mutants, C1A, or C1B were treated with increasing concentra-
tions of PDBu for 24 hours (Fig. 4B), and PKC levels were probed by 
Western blot analysis of whole-cell lysates. Dephosphorylation of 
WT PKC was observed at the lowest concentration of PDBu (10 nM) 
as assessed by the increase in the ratio of unphosphorylated 
PKC (faster mobility species) over phosphorylated species (slower 

mobility species) (Fig. 4C), and this dephosphorylated species was 
degraded at the highest concentration of PDBu (1000 nM). Unex-
pectedly, every C1 domain SCA14 mutant tested (F48, H101Y, and 
D115Y) was significantly more resistant to PDBu- mediated down- 
regulation than WT PKC (Fig. 4D). The catalytic domain mutant 
F643L was also moderately less sensitive to PDBu down-regulation 
than WT enzyme. Furthermore, C1B, F48, and H101Y levels in-
creased with increasing concentrations of PDBu compared with levels 
in untreated cells. Although the C1B mutant D115Y was effectively 
dephosphorylated (Fig.  4,  B  and  C), the dephosphorylated species 
was resistant to degradation (Fig. 4, B and D). In contrast, deletion of 
the C1A prevented dephosphorylation of the upper mobility, phos-
phorylated species (Fig. 4, B and C) but allowed degradation of the 
faster mobility, dephosphorylated species (Fig.  4,  B  and  D). This 
demonstrates an uncoupling within the degradative pathway of PKC 
such that a PKC that lacks a C1A domain is less susceptible to de-
phosphorylation, whereas a PKC without a functional C1B domain 
loses the ability to be degraded in a phorbol ester–dependent man-
ner. These results indicate that C1 domain mutants render PKC re-
sistant to phorbol ester–mediated down-regulation by impairing 
dephosphorylation (as observed upon deletion of C1A) or impairing 
degradation (as observed upon deletion of C1B). The kinase domain 
mutant F643L mirrored C1B domain mutations in resistance to 
phorbol ester– mediated degradation.

We next addressed whether SCA14-associated mutations altered 
the steady-state turnover of PKC in unstimulated cells. COS7 cells 
overexpressing HA-tagged PKC WT, the indicated SCA14 mu-
tants, C1A, or C1B were treated with cycloheximide to prevent 
protein synthesis for increasing time, and lysates were analyzed for 
PKC levels (Fig. 5A). PKC WT was stable, with a half-life of more 
than 48 hours, as previously reported for other conventional PKC 
isozymes (22). In marked contrast, the ataxia mutants were consid-
erably less stable, with half-lives of about 10 hours for mutations 
that had strong effects on autoinhibition (F48, H101Y, and F643L) 
and 20 hours for the D115Y mutation, which had a modest effect on 
autoinhibition (Fig.  5B). Deletion of the C1A or C1B domains 
(C1A, C1B) also had a strong effect on stability, consistent with 
decreased autoinhibition due to the loss of a regulatory domain. 

A B C

Fig. 3. SCA14 mutations affect translocation of PKC. (A) COS7 cells were cotransfected with MyrPalm-CFP and YFP-tagged WT PKC (orange), PKC D115Y (yellow), 
or PKC C1B (blue). Rate of translocation to plasma membrane was monitored by measuring FRET/CFP ratio changes after addition of 200 nM PDBu. Data were normal-
ized to the starting point (1.0) and are representative of two independent experiments; N ≥ 22 cells per condition. (B) COS7 cells were cotransfected with MyrPalm-CFP 
and YFP-tagged F48 or C1A. Data are mean ± SEM from at least three independent experiments; N ≥ 23 cells per condition. (C) COS7 cells were cotransfected with 
mCherry-tagged WT PKC and YFP-tagged PKC D115Y. Localization of mCherry-PKC (WT, left) and YFP-PKC-D115Y (right) in the same cells under basal conditions and 
after addition of 200 nM PDBu was observed by fluorescence microscopy. Images are representative of three independent experiments. Scale bars, 20 m.
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A B C

D

Fig. 4. SCA14 mutants are resistant to phorbol ester–mediated down-regulation. (A) Western blot of Triton-soluble lysates from COS7 transfected with HA-tagged 
WT PKC, PKC lacking a C1A domain (C1A), PKC lacking a C1B domain (C1B), the indicated SCA14 mutants, or with empty vector (Mock). Membranes were probed 
with anti-HA (PKC) or phospho-specific antibodies. N = 3 independent experiments. (B) Western blot of whole-cell lysates from COS7 cells transfected with HA-tagged 
WT PKC, PKC lacking a C1B domain (C1B), PKC lacking a C1A domain (C1A), or the indicated SCA14 mutants. COS7 cells were treated with the indicated concentra-
tions of PDBu for 24 hours before lysis. Endogenous expression of vinculin was also probed as a loading control. N = 3 independent experiments. *, phosphorylated spe-
cies; -, unphosphorylated species. (C) Quantification of percent phosphorylation of total PKC as a function of PDBu concentration. Data are mean + SEM. (D) Quantification 
of total levels of PKC with 1000 nM PDBu shown as a percentage of initial levels of PKC (0 nM) and represents mean ± SEM. WT levels after 24 hours with 1000 nM PDBu 
indicated (gray dashed line). *P < 0.05 by Welch’s t test.

A B

Fig. 5. SCA14 mutants are more rapidly turned over in the presence of cycloheximide. (A and B) Western blot analysis of lysates from COS7 cells transfected with 
HA-tagged WT PKC, PKC lacking the C1B domain (C1B), PKC lacking the C1A domain (C1A), or the indicated SCA14 mutants. COS7 cells were treated with CHX (355 
M) for 0, 6, 24, or 48 hours before lysis. Membranes were probed for HA (PKC) and endogenous expression of vinculin as a loading control. *, phosphorylated species; -, 
unphosphorylated species. Blot is representative (A) with quantification of total levels of PKC at each time point from three independent experiments shown in (B) as a 
percentage of initial level of PKC (0 hours) and represents mean ± SEM. Points were curve fit by nonlinear regression.
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Thus, whereas SCA14 mutations render activated PKC resistant to 
phorbol ester– induced down-regulation, they increase the steady-
state turnover of unstimulated PKC.

PKC C1A residue Phe48 is critical for proper autoinhibition 
and activation
The characterized SCA14 mutants displayed an increase in basal activi-
ty, and all but one retained the ability to have this increased basal 

activity further enhanced in response to 
agonist stimulation (Fig. 2, A to E). To 
gain insight into this uncoupling from 
agonist-stimulated activity, we further 
characterized the deletion mutation in 
the C1A domain (deletion of Phe48: 
F48) whose activity was unresponsive 
to stimulation by UTP or PDBu, an un-
coupling also observed upon deletion of 
the entire C1A domain (Fig.  2B). We 
first asked whether reducing the affini-
ty of the pseudosubstrate for the active 
site pocket (Fig. 6A) or deleting the 
pseudosubstrate (Fig.  6B) would pro-
mote agonist responsiveness of F48. 
Mutation of arginine at the P-3 position 
to a glycine in WT (R21G) or F48 
(R21G F48) PKC enhanced basal 
activity for both WT PKC and F48 
(Fig.  6C). However, UTP and PDBu 
caused additional activation of only the 
WT PKC with the pseudosubstrate 
mutation. Whereas the pseudosubstrate 
mutation caused an even greater in-
crease in basal activity of the F48 mu-
tant, this still did not permit activation 
by UTP and PDBu (note that the small 
responses seen are those of the endoge-
nous PKC). Similarly, deletion of the 
entire pseudosubstrate elevated basal 
activity even more for both WT and 
F48, but further activation by PDBu 
was only observed for the PKC with-
out the mutation in the C1A (Fig. 6D). 
Last, we addressed whether substitu-
tion (rather than deletion) of Phe48 
restored agonist responsiveness. Mu-
tation to either alanine (F48A) or the 
structurally more similar tyrosine (F48Y) 
restored autoinhibition to that observed 
for WT enzyme (Fig. 6E). However, 
whereas F48Y responded similarly to 
PDBu as WT PKC, F48A only partially 
rescued the WT response to PDBu. These 
data reveal that it is the loss of F48 that 
uncouples the pseudosubstrate from 
ligand engagement; substitution with 
Ala or Tyr may reduce activation kinetics 
and response to UTP but still allows 
response to phorbol esters. We next 
examined an SCA14 deletion mutation 

at the corresponding position in the C1B domain (F113) (Fig. 6F). 
Similar to F48, F113 had higher basal activity indicating im-
paired autoinhibition. However, F113 retained some responsive-
ness to phorbol esters, as evidenced by the increase in activity after 
PDBu stimulation. Thus, deletion of Phe48 in the C1A domain 
impairs autoinhibition but locks PKC in a conformation that pre-
vents communication between the pseudosubstrate and membrane 
binding modules, whereas deletion of the corresponding Phe113 in 

A B

C D

E F

Fig. 6. SCA14 mutant F48 displays an abrogated response to agonists. (A and B) Domain structures of PKC 
constructs containing the mutated pseudosubstrate (R21G) alone or combined with Phe48-deleted (R21G F48) (A), 
and the pseudosubstrate-deleted (PS) alone or combined with Phe48-deleted (PS F48) (B). (C and D) COS7 cells 
were transfected with CKAR2 alone (endogenous, gray) or cotransfected with CKAR2 and the indicated mCherry- 
tagged PKC constructs: WT (orange), F48 (purple), or the mutants shown in (A) and (B), respectively. PKC activity 
was monitored by measuring FRET/CFP ratio changes after addition of 100 M UTP, 200 nM PDBu, and 50 nM calyculin 
A. Data were normalized to the end point (1.0) and represent mean ± SEM from at least two independent experi-
ments; N ≥ 20 cells per condition. In (D), the PKC WT, F48, and endogenous data (dashed lines) are reproduced 
from (C) for direct comparison purposes. (E and F) COS7 cells were transfected with CKAR2 alone (endogenous) or 
cotransfected with CKAR2 and the indicated mCherry-tagged PKC constructs (E) or the SCA14 mutant F113 (F). PKC 
activity was monitored, analyzed, and shown as described in (C) and (D) from at least three independent experiments 
of N ≥ 49 (E) or 31 (F) cells per condition. In (F), the PKC WT, F48, and endogenous data (dashed lines) are repro-
duced from (E) for direct comparison purposes.
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the C1B impairs autoinhibition but allows communication be-
tween the pseudosubstrate and mem brane engagement.

To validate whether the F48 protein has lost the ability to be 
allosterically activated, we examined the activity of pure protein 
in vitro in the absence or presence of Ca2+ and lipid. Glutathione 
S-transferase (GST)–tagged PKC WT or F48 produced in insect 
cells using a baculovirus expression system was purified to ho-
mogeneity (Fig. 7A), and activity was measured in the absence or 
(nonactivating conditions) or presence (activating conditions) of 
Ca2+ and multilamellar lipid structures (Fig. 7B). The activity of WT 
PKC was stimulated about 10-fold by Ca2+ and lipid, as reported 
previously (43), reflecting effective autoinhibition. In contrast, the 
specific activity of F48 was about threefold higher than that of WT 
enzyme in the absence of cofactors, indicating impaired autoinhibi-
tion. Furthermore, addition of Ca2+/lipid had no effect on the activity 
of the F48 mutant. Together with the activity data in live cells, 
these results establish that the F48 C1A domain has reduced auto-
inhibition and is locked in a conformation that prevents communi-
cation between the pseudosubstrate and the membrane-binding 
regulatory domains.

Altered phosphoproteome in cerebellum of mice harboring 
SCA14-associated PKC mutation
Every SCA14 C1 domain mutant tested displayed increased basal 
activity (Fig. 2A) and resistance to phorbol ester down-regulation 
in cell-based studies (Fig. 4B). To address whether this leaky activity 
altered downstream signaling in a physiological setting, we took 
advantage of an ataxic transgenic (Tg) mouse expressing human 
PKC H101Y and compared the cerebellar phosphoproteome to 
that of mice expressing PKC WT in a C57BL/6 background. The 
H101Y mice displayed an ataxic phenotype based on cerebellar 
morphology (fig. S3A, wherein calbindin staining revealed that 
Purkinje cells in H101Y-expressing mice displayed less fine devel-
opment of dendritic arbor compared with WT-expressing mice) and 

behavior using the rotarod test for motor coordination (fig. S3B, 
wherein H101Y-expressing mice exhibited modestly decreased fall 
latency at 1 and 3 months old and significantly decreased fall latency 
at 9 months of age compared with WT-expressing mice). Thus, the 
H101Y-expressing mice displayed progressive motor impairment 
consistent with an ataxic phenotype.

We next undertook a phosphoproteomic analysis of the cerebella 
of the PKC WT, H101Y, and control C57BL/6 background mice at 
6 months of age (Fig. 8A). We quantified nearly 7000 unique pro-
teins, from which 914 contained quantifiable phosphopeptide re-
sults across all samples (data file S1). After correction for protein 
amount, a total of 195 phosphopeptides on 166 unique proteins 
were identified, with 135 phosphopeptides significantly increasing 
in abundance and 60 phosphopeptides significantly decreasing in 
abundance in H101Y mice (Fig. 8B). Changes in phosphopeptide 
abundance were corrected by dividing phosphopeptide relative 
abundance by the corresponding protein abundance. Statistical sig-
nificance was determined using a ranking method that simultaneously 
considers fold change and P value (44), setting the  value less than 
or greater than 0.05. Of the phosphopeptides whose phosphoryl-
ation decreased in the H101Y cerebella, a striking 30 of them were 
contained within neurofilament proteins (Fig. 8B, light blue circles), 
consistent with a general reduction in neurofilament phosphoryl-
ation in H101Y mouse cerebellum. Of those that increased, we noted 
an increase in phosphorylation at two sites (Ser22 and Ser26) on a 
single phosphopeptide of diacylglycerol kinase  (DAGK), which 
catalyzes the phosphorylation of DAG to phosphatidic acid, in the 
H101Y mice, consistent with either direct or indirect regulation of 
DAGK by PKC (Fig. 8C, left). Furthermore, the phosphorylation 
of one of the major kinases of neurofilaments, glycogen synthase 
kinase 3 (GSK3) (45,  46), was increased on an inhibitory site, 
Ser389 (47) (Fig. 8C, right). This site is in an -SP- motif that is not a 
direct PKC phosphorylation site; rather, it is phosphorylated by 
mitogen-activated protein kinase (MAPK) (47), a kinase that is 
activated after PKC activation (48). To validate that enhanced basal 
signaling by PKC inhibits GSK3, we examined whether phosphoryl-
ation on Ser9, a bona fide PKC consensus RxxS site (7), was altered. 
Western blot analysis revealed an about 70% increase in the phos-
phorylation of Ser9 in the H101Y cerebella compared with WT. In 
addition, phosphorylation of extracellular signal–regulated kinase 
(ERK) itself on the activating sites Thr202/Tyr204 was elevated in the 
cerebella of H101Y mice compared with WT (Fig. 8, D and E). We also 
performed a motif analysis on the phosphopeptides that were sig-
nificantly increased in H101Y-expressing mice to determine the 
fraction of these peptides that contain the PKC substrate motif, 
RxxS (Fig. 8F) (7). Of 77 significantly increased phosphopeptides 
analyzed, 24 contained an RxxpS motif, representing a more than 
fivefold increase in phosphorylation of PKC consensus site substrates 
in H101Y-expressing mice compared with PKC WT–expressing 
mice. Given that many of the other changes in phosphorylation 
detected in H101Y mice are likely targets that are farther down-
stream of PKC, this motif analysis is consistent with enhanced 
PKC activity in SCA14 mutant–expressing mice driving the rewiring 
of the H101Y mouse phosphoproteome. Last, Gene Ontology (GO) 
analysis by DAVID GO (Fig. 8G) (49, 50) revealed that phospho-
peptides with increased abundance in H101Y-expressing mice were 
primarily involved in processes related to axon extension, neural de-
velopment, and cytoskeletal organization, and similarly, phospho-
peptides with decreased abundance in H101Y mice were mainly 

A B

Fig. 7. Purified F48 exhibits increased activity compared with WT PKC under 
nonactivating conditions. (A) Coomassie blue–stained SDS-PAGE gel of purified 
GST-PKC WT or F48. (B) In vitro kinase assays of purified GST-PKC WT or F48 
(6.1 nM per reaction). PKC activity was measured under nonactivating conditions (EGTA, 
absence of Ca2+ or lipids) or activating conditions (presence of Ca2+ and lipids). Data 
are graphed in nanomoles phosphate per minute per milligram GST-PKC. Data are 
mean ± SEM from three independent experiments; N = 9 reactions per condition. 
***P < 0.001 and ****P < 0.0001 by Holm-Sidak multiple comparison t tests.
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involved in neurofilament organization and axon development. 
This analysis suggests that H101Y-expressing mice display dysregu-
lation of signaling pathways involved in developing and maintaining 
neuron cytoskeletal structure and function, which may be regulated 
upstream by PKC.

Conventional PKC C1 domains are protected 
from mutation in cancer
We have previously shown that cancer-associated mutations in 
conventional PKC isozymes are generally loss of function (3), with 

mutations that impair autoinhibition triggering degradation by 
PHLPP-mediated quality control mechanisms (22). However, SCA14 
mutations, which occur with high frequency in the C1 domains, 
impair autoinhibition without triggering down-regulation. None of 
the identified SCA14 mutations are currently annotated in cancer 
databases such as cBioPortal (51, 52). Thus, we assessed whether the 
frequency of cancer-associated mutations in conventional PKC iso-
zymes is lower in the C1 domains compared with the C2 domain. The 
number of missense mutations at each aligned residue position of 
PKC, PKC, and PKC was obtained from the Genomic Data 

A

F G

B C

D E

Fig. 8. Phosphoproteomics analysis from cerebella of mice expressing human WT or H101Y PKC transgene. (A) Experimental design for processing of mouse tis-
sue and proteins. Cerebella from B6 background (purple), PKC WT Tg (blue), and PKC H101Y Tg (red) mice at 6 months of age were subjected to phosphoprotemics 
analysis. A total of 6893 proteins were quantified in the standard proteomics, and 914 quantifiable phosphopeptides were detected in the phosphoproteomics. After 
correction for protein expression, 195 phosphopeptides on 166 unique proteins were identified in H101Y-expressing mice. N = 3 mice of C57BL/6, PKC WT, and PKC 
H101Y. m/z, mass/charge ratio. (B) Volcano plot of phosphopeptide replicates of cerebella from WT and H101Y Tg mice. Graph represents the log-transformed P values 
(Student’s t test) linked to individual phosphopeptides versus the log-transformed fold change in phosphopeptide abundance between WT and H101Y cerebella. Color 
represents phosphopeptides with significant changes in P value and fold change; red, increased phosphorylation in H101Y mice; blue, lower phosphorylation in H101Y 
mice (dark blue indicates significantly decreased neurofilament phosphopeptides, and light blue indicates all other significantly decreased phosphopeptides). (C) Graphs 
representing quantification of either a DAGK phosphopeptide (left) or a GSK3 phosphopeptide (right) from the volcano plot in (B) in cerebella from C57BL/6 mice 
(purple), WT mice (blue), and H101Y mice (red). (D and E) Western blotting analysis of Triton-soluble cerebellar tissue lysates from C57BL/6, PKC WT, or H101Y mice. 
Membranes were probed with antibodies against GSK3/ pSer21/9, GSK3/ (total), ERK1/2 pThr202/pTyr204, or ERK1/2 (total). Quantification of blots from N = 4 mice per 
genotype, for GSK3 phosphorylation (pSer9, left) and ERK1/2 phosphorylation (pThr202/pTyr204, right), is shown in (E). Data are mean ± SEM. a.u., arbitrary units. (F) Motif 
analysis of RxxpS PKC consensus substrate sequence in significantly increased phosphopeptides. RxxpS was detected in 24 of 77 sequences of length 15 after removing 
background. Fold increase of RxxpS phosphopeptide abundance in H101Y:WT cerebellum = 5.3. (G) GO analysis of significantly increased (red) or decreased (blue) 
phosphopeptides representing significantly changed biological processes.
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Commons (fig. S4A) (53), and the total mutation frequency within 
each domain (number of mutations per residue in the domain) was 
analyzed (fig. S4B, left, and table S1). The mutational frequency of the 
C1 domains was about half that of the C2 domain when all three 
conventional isozymes were analyzed together. Furthermore, we 
compared mutation frequencies of the C1B domain with all other do-
mains and found that the C1B has significantly lower missense muta-
tion frequency than other domains in PKC (fig. S4B, right). Notably, 
analysis of the individual isozymes revealed that the C1A domain of 
PKC was more protected from mutation than the C1B domain (ta-
ble S1). Thus, our analysis suggests that the C1B domain—a mu-
tational hotspot in SCA14—is more protected overall from mutation in 
cancer compared with other domains.

Age of SCA14 onset inversely correlates with the degree 
of impaired PKC autoinhibition
To understand the degree to which the enhanced basal activity of 
the SCA14 mutants may contribute to disease, we plotted the level 
of biochemical defect (basal activity) against the average age of onset 
of disease in the patients with the respective variants (Fig. 9A) (14, 54–59). 
For this analysis, we focused on mutations that do not impair the 
stability of PKC (C1 domain mutations and F643L) because muta-
tions that impair stability (for instance, pseudosubstrate mutations) 
would reduce steady-state levels and thus reduce the impact of 
enhanced basal activity (22, 60). These data reveal a trend between 
the degree of biochemical defect and disease severity: C1 domain 
mutants with high basal activity, such as V138E and F48, were as-
sociated with an age of disease onset in early childhood (high 
disease severity), whereas those with lower levels of autoinhibitory 
defect, such as D115Y, were associated with an older age of onset 
(lower disease severity). Taking into account the varying patient 
sample sizes for each mutation, we calculated an R2 value of about 

0.67, supporting the idea that enhanced PKC basal activity may be 
a key contributor to the development of SCA14.

Last, we used a homology model for the architecture of conventional 
PKC isozymes (19) to predict where the 54 known SCA14- associated 
mutations (Fig. 1A) would occur within the three- dimensional 
structure of PKC (Fig. 9B). In the autoinhibited conformation, the 
kinase adopts a compact conformation with the regulatory modules 
packed against the kinase domain and C-tail and the pseudosubstrate 
segment (red) in the substrate-binding cavity. Many of the SCA14 
mutations are predicted to exist either at an interface between the 
C1B and kinase domain or between the C1B domain and the C-tail. 
Notably, Asp115 is predicted to interface with the kinase domain, pro-
viding an explanation for why the D115Y mutation, which does not 
alter the affinity for phorbol ester binding in the isolated C1B domain 
(38), reduces autoinhibition in the context of the full-length protein: 
The bulkier side chain of tyrosine compared with aspartate and 
the loss of negative charge may break interdomain interactions to 
favor the open conformation. Similarly, Phe643 is predicted to inter-
face with the C-tail. This residue is part of the conserved NFD motif, 
a key regulatory determinant of AGC kinases (61), which anchors 
the C1B in place (Fig. 9B, left inset) (62), and its mutation of Leu is 
likely to reduce the affinity of the tail for the C1B. In addition, two 
mutations (A24T and R26G) are located in the pseudosubstrate, both 
of which are predicted to disrupt autoinhibition. The first, A24T, 
occurs at the phosphoacceptor site, which likely introduces a 
phosphorylation site, whereas R26G may disrupt a possible H-bond 
to Gly500 of the conserved DFG motif in the kinase domain (Fig. 9B, 
right inset). Only the two mutations in the C2 domain (I173S and 
H174P) were not at an interface with the kinase domain or regu-
latory domains. Thus, our model indicates that almost all SCA14 
mutations target the C1 domains and their interfaces with the rest of 
the protein.

A B

Fig. 9. Degree of ataxia mutant biochemical defect correlates with SCA14 severity. (A) Graph of the indicated SCA14 mutant basal activities from Figs. 2 (B, C, and E) and 
6F plotted against average age of disease onset in patients (14, 53–58). Sample size, between 2 and 14 patients, is indicated by dot size. (B) PKC model based on the previously 
published model of PKCII (18). Indicated SCA14 mutations are represented as black spheres; the five mutations presented in (A) are color-coded by disease severity.
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DISCUSSION
An abundance of germline variants in PKC are causal in SCA14, 
yet establishing whether a unifying mechanism accounts for the de-
fect in these aberrant enzymes has remained elusive (26,  31–37). 
Here, we show that SCA14 PKC mutations in every domain of 
PKC display a shared autoinhibitory defect that leads to enhanced 
basal activity. Furthermore, by analyzing a mutant that uncouples 
pseudosubstrate regulation from phorbol ester binding (F48), we 
show that increased basal signaling, rather than changes in agonist- 
evoked signaling, is the determinant associated with the ataxic phe-
notype. The degree of biochemical defect (impaired autoinhibition) 
of the C1 domain mutants correlated inversely with average age of 
disease onset in patients. Our data support a model in which aber-
rant basal signaling by PKC is the driver behind SCA14.

A key finding from our study is that C1 mutations represent a 
susceptibility that allows for deregulated PKC activity without the 
paradoxical down-regulation accompanying the open conformation 
of PKC (60). Namely, whereas disruption of autoinhibition of con-
ventional PKC isozymes generally results in unstable enzyme that is 
dephosphorylated and degraded (63), mutations in or deletion of 
the C1A or C1B domains renders PKC insensitive to phorbol ester– 
mediated down-regulation, suggesting why these domains harbor 
the highest number of SCA14 mutations.

Despite the resistance of SCA14 C1 domain mutants to phorbol 
ester–mediated down-regulation, the steady-state turnover of the 
mutants was enhanced compared with WT PKC. This uncoupling 
of agonist-dependent turnover and basal turnover has been reported 
previously. For example, the E3 ligase RINCK was shown to pro-
mote PKC ubiquitination and degradation under nonactivating 
conditions, but its deletion did not affect phorbol ester–mediated 
down-regulation (64). Similarly, Leontieva and Black (65) have 
identified two distinct pathways that mediate PKC down-regulation, 
one that is proteosome-dependent and one that is not. How the 
increased basal turnover of SCA14 mutants affects the steady-state 
levels of PKC in the disease awaits further studies.

A particularly informative SCA14 mutation was the recurrent 
deletion of a Phe (F48) on the ligand binding loop of the C1A domain. 
This mutation (or deletion of the entire C1A) destroys communication 
between the pseudosubstrate and the C1B-C2 membrane-targeting 
modules such that phorbol ester–induced membrane engagement 
does not allosterically activate the enzyme. Thus, the mutant is 
“frozen” in a partially active conformation, uncoupling it from DAG 
and Ca2+ signaling. Yet patients with this mutation have early childhood 
onset of the disease. A major ramification is that enhanced basal sig-
naling and not agonist-evoked signaling drives the pathology of SCA14.

Mutations that reduce the affinity of the pseudosubstrate for the 
active site destabilize PKC, promoting dephosphorylation and deg-
radation (22); yet four SCA14 mutations have been identified in the 
pseudosubstrate. Shimobayashi and Kapfhammer (29) have provided 
key insight into this paradox by their analysis of a Tg mouse harbor-
ing a mutation in the pseudosubstrate, A24E. This mutation, which 
caused an ataxic phenotype in mice and impaired Purkinje cell mat-
uration, greatly reduced the stability of the enzyme and decreased 
steady-state levels about 10-fold compared with levels in WT mice. 
However, the unrestrained activity of the aberrant PKC that was 
present was sufficient to cause an increase in substrate phospho-
rylation in the cerebella of these mice. Thus, although this PKC is 
unstable and steady-state levels are reduced, the basal activity is suf-
ficiently increased to drive the ataxic phenotype.

Supporting a unifying model of enhanced basal activity driving 
the pathology of SCA14, Tg mouse models harboring PKC muta-
tions display an ataxic phenotype regardless of where in the struc-
ture the mutation occurs: in the C1 domain (such as H101Y in this 
study), in the pseudosubstrate (such as A24E), or in the kinase do-
main (S361G and S360S) (25, 66, 67). A variant that introduces a 
premature stop codon in PRKCG at Arg76 (R76X) has been pro-
posed to produce a fragment of PKC that may activate remaining 
PKC isozymes through RACKs (28).

Our analysis of the H101Y SCA14 mouse model revealed that 
“leaky” PKC activity causes significant changes in the phosphoryl-
ation state of components of numerous processes in the cerebellum. 
Most notably, the phosphorylation of neurofilament proteins, which 
play key roles in growth of axons, with aberrations associated with 
neurodegeneration (68), decreased. This could arise from increased 
phosphatase output by phosphatases such as PP2A B56, whose 
phosphorylation at a proposed PKC activating site, Ser566 (69, 70), 
increased twofold in the H101Y cerebellum compared with WT. De-
creased neurofilament phosphorylation could also arise from inhibition 
of GSK3, a major kinase regulating neurofilaments (45, 46), whose 
phosphorylation on two inhibitory PKC sites (47, 71) increased 
twofold in the H101Y cerebellum. Future focus on the role of basal 
PKC activity in neurofilament organization and axon develop-
ment may provide insight into the mechanisms of Purkinje cell 
degeneration.

The possibility that leaky PKC signaling may be a driver in cere-
bellar ataxia, in general, has been suggested by both unbiased net-
work analyses and specific mechanisms. First, a network analysis by 
Verbeek and colleagues (72) identified alterations in synaptic trans-
mission as one of the main shared mechanisms underlying geneti-
cally diverse SCAs, similar to the alterations we observed in the 
H101Y mouse model. Second, several other genetic causes of SCA 
directly affect PKC regulation, including genes that regulate intra-
cellular Ca2+ and DAG (10–13, 17, 73). Increased DAG is sufficient 
to produce an ataxic phenotype: Shirai and colleagues (74) found that 
mice deficient in DAGK, which converts DAG into phosphatidic 
acid, display an ataxic phenotype. Whether most SCAs converge on 
deregulated PKC signaling is an intriguing possibility that would 
provide a tangible therapeutic target for the disease.

Small changes in the intrinsic activity of PKC similar to those 
observed in PKC in the present study are associated with Alzheimer’s 
disease (5, 6, 75). In contrast to the SCA14 variants, characterized 
germline mutations in PKC in Alzheimer’s disease do not affect 
autoinhibition; rather, they enhance the catalytic rate of the kinase 
domain such that a stronger response is evoked in response to ago-
nist (5, 6). Thus, these two neurodegenerative diseases both have 
subtle gain-of-function mutations in a conventional PKC, which 
lead to changes in activity (either basal or agonist-evoked), suggesting 
that small changes over a lifetime accumulate neuronal damage that 
eventually manifests in the disease.

In summary, our study reveals that SCA14 mutations are uni-
formly associated with enhanced basal signaling of PKC, indicating 
that therapies that inhibit this enzyme may have therapeutic poten-
tial. In addition to identifying PKC as an actionable target in this 
neurodegenerative disease, our studies also provide a framework to 
predict disease severity in SCA14. Specifically, the direct correlation 
between the degree of impaired autoinhibition and disease severity 
allows prediction of patient prognosis of previously uncharacterized 
mutations, such as the D115Y reported here. Last, given the direct 
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regulation of PKC by intracellular Ca2+ and that many of the 
proteins mutated in other SCAs regulate Ca2+ homeostasis, one 
intriguing possibility is that enhanced PKC activity is not only 
central to SCA14 pathology but also at the epicenter of many other 
types of ataxia. This raises exciting possibilities for therapeutically 
targeting PKC not only in SCA14 but also in many other sub-
types of SCA.

MATERIALS AND METHODS
Chemicals and antibodies
UTP (catalog no. 6701) and PDBu (catalog no. 524390) were 
purchased from Calbiochem. Calyculin A (catalog no. 9902) was 
purchased from Cell Signaling Technology. The anti-HA antibody 
(catalog no. 11867423001) was purchased from Roche. The anti–
phospho-PKC/II turn motif (pThr638/641, catalog no. 9375) was 
from Cell Signaling Technology. Lipids used in kinase assays (DAG, 
catalog no. 800811C, and PS, catalog no. 840034C) were purchased 
from Avanti Polar Lipids. The anti–phospho-PKC hydrophobic 
motif (pThr674, catalog no. ab5797) antibody was from Abcam. The 
anti–phospho-PKC// activation loop (pThr497/500/514) antibody 
was previously described (44). Ladder (catalog no. 161-0394), bis/
acrylamide solution (catalog no. 161-0156), and polyvinylidene difluo-
ride (PVDF) (catalog no. 162-0177) used for SDS–polyacrylamide 
gel electrophoresis (SDS-PAGE) and Western blotting were purchased 
from Bio-Rad. Luminol (catalog no. A-8511) and p-coumaric 
acid (catalog no. C-9008) used to make chemiluminescence solu-
tion for Western blotting were purchased from Sigma-Aldrich. 
[-32P]ATP (adenosine triphosphate) (catalog no. BLU002Z500UC) 
was purchased from PerkinElmer. Phosphatidylserine (catalog no. 
840034C) and DAG (catalog no. 800811C) were from Avanti Polar 
Lipids. The PKC substrate peptide (Ac-FKKSFKL-NH2) was syn-
thesized by Synthetic Biomolecules.

MRI of ataxia patient brains
MRI was performed on a 1.5-T Siemens MRI scanner. Sagittal T1 
Flair images were taken. Patients have consented to their anonymized 
scans being used in this publication.

Plasmid constructs and mutagenesis
All mutants were generated using QuikChange site-directed muta-
genesis (Agilent). PKC pseudosubstrate-deleted constructs were 
created by deletion of residues 19 to 36 by QuikChange mutagenesis 
(Agilent) using WT PKC, R21G, or F48-containing mCherry- 
pcDNA3 plasmid. PKC C1A-, C1B-, and C2-deleted constructs were 
created by deletion of residues 36 to 75 (C1A), 100 to 150 (C1B), 
or 179 to 257 (C2) by QuikChange mutagenesis (Agilent) using 
WT PKC mCherry- or HA-pcDNA3 plasmid. CKAR1 (27) and 
CKAR2 (26) were previously described.

Cell culture and transfection
COS7 cells were maintained in Dulbecco’s modified Eagle medium 
(Corning) containing 10% fetal bovine serum (Atlanta Biologicals) 
and 1% penicillin/streptomycin (Gibco) at 37°C in 5% CO2. Tran-
sient transfection was carried out using a Lipofectamine 3000 kit 
(Thermo Fisher Scientific) per the manufacturer’s instructions, and 
constructs were allowed to express for 24 hours for imaging and cy-
cloheximide (CHX) assays or for 48 hours for PDBu down-regulation 
assays and phosphorylation site Western blotting.

FRET imaging and analysis
COS7 cells were seeded into individual dishes, and imaging was 
performed under conditions and parameters previously described 
(76). Images were acquired on a Zeiss Axiovert microscope (Carl 
Zeiss Micro-Imaging Inc.) using a MicroMax digital camera (Roper- 
Princeton Instruments) controlled by MetaFluor software (Uni-
versal Imaging Corp.). For CKAR activity assays, COS7 cells were 
cotransfected with the indicated mCherry-tagged PKC constructs 
and CKAR2 for 24  hours before imaging; cells were sequentially 
treated with 100 M UTP, 200 nM PDBu, and 50 nM calyculin A at 
the times indicated in the associated figures. For translocation as-
says, COS7 cells were cotransfected with the indicated YFP-tagged 
constructs and MyrPalm-mCFP (plasma membrane–targeted) (41) 
for 24 hours before imaging, and cells were treated with 200 nM 
PDBu. For cotranslocation assays, COS7 cells were cotransfected 
with mCherry-tagged PKC and YFP-tagged D115Y for 24 hours 
before imaging, and cells were treated with 200 nM PDBu. Baseline 
images were acquired every 15 s for 3 min before treatment with 
agonists. For CKAR activity assays, all FRET ratios were normalized 
to the end point of the assay. Translocation assays are normalized to 
the starting point of the assay.

Phorbol ester down-regulation assay
COS7 cells were seeded in six-well plates at 1.5 × 105 cells per well. 
After 24 hours, cells were transfected with indicated HA-tagged 
PKC constructs (100  ng of DNA per well) for 48 hours before 
PDBu treatment. Cells were treated with 10 to 1000 nM PDBu or 
dimethyl sulfoxide (DMSO) for 24 hours. Cells were then washed 
with Dulbecco’s phosphate-buffered saline (DPBS) (Corning) and 
lysed in buffer containing 50 mM NaPO4 (pH 7.5), 1% Triton 
X-100, 20 mM NaF, 1 mM Na4P2O7, 100 mM NaCl, 2 mM EDTA, 
2 mM EGTA, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride 
(PMSF), leupeptin (40 g/ml), 1 mM dithiothreitol (DTT), and 1 M 
microcystin. For PDBu down-regulation assays, whole-cell lysate 
was loaded on gels. Benzonase was added to whole-cell lysates at 
1:100 to digest nucleic acids.

CHX assay
COS7 cells were seeded in six-well plates at 1.5 × 105 cells per well. 
After 24 hours, cells were transfected with indicated HA-tagged 
PKC constructs (100 ng of DNA per well) for 24 hours before CHX 
treatment. Cells were treated with 355 M DMSO for 0, 6, 24, or 
48 hours. Cells were then washed with DPBS (Corning) and lysed in 
buffer containing 50 mM NaPO4 (pH 7.5), 1% Triton X-100, 20 mM 
NaF, 1 mM Na4P2O7, 100 mM NaCl, 2 mM EDTA, 2 mM EGTA, 
1 mM Na3VO4, 1 mM PMSF, leupeptin (40 g/ml), 1 mM DTT, and 
1 M microcystin. Whole-cell lysate was loaded on gels. Benzonase 
was added to whole-cell lysates at 1:100 to digest nucleic acids.

Western blots
All cell lysates were analyzed by SDS-PAGE on 6.5% big gels, run 
overnight at 9 mA per gel, to observe phosphorylation-induced mo-
bility shift. Gels were transferred to PVDF membrane (Bio-Rad) by 
a wet transfer method at 4°C for 2 hours at 80 V. Membranes were 
blocked in 5% bovine serum albumin (BSA) in PBS containing 
0.05% Tween-20 (PBST) for 1 hour at room temperature and then 
incubated in primary antibodies overnight at 4°C. Membranes were 
washed for 5  min three times in PBST, incubated in appropriate 
secondary antibodies for 1 hour at room temperature, washed for 
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5 min three times in PBST, and then imaged by chemiluminescence 
[100 mM tris (pH 8.5), 1.25 mM luminol, 198 M coumaric acid, 
and 1% H2O2] on a FluorChem Q imaging system (ProteinSimple). 
In the displayed Western blots, the asterisk (*) indicates phosphor-
ylated PKC species, whereas a dash (-) indicates unphosphorylated  
species.

Purification of GST-PKC from Sf9 insect cells
PKC WT and F48 were cloned into the pFastBac vector (Invitro-
gen) containing an N-terminal GST tag. Using the Bac-to-Bac 
Baculovirus Expression System (Invitrogen), the pFastBac plasmids 
were transformed into DH10Bac cells, and the resulting bacmid 
DNA was transfected into Sf9 insect cells by Cellfectin (Thermo 
Fisher Scientific). Sf9 cells were grown in Sf-900 II SFM medium 
(Gibco) in shaking cultures at 27°C. The recombinant baculoviruses 
were harvested and amplified three times. Sf9 cells were seeded in 
125-ml spinner flasks at 1 × 106 cells/ml and infected with baculovi-
rus. After 2 days of infection, Sf9 cells were lysed in buffer contain-
ing 50 mM Hepes (pH 7.5), 1 mM EDTA, 100 mM NaCl, 1% Triton 
X-100, 100 M PMSF, 1 mM DTT, 2 mM benzamidine, leupeptin 
(50 g/ml), and 1 M microcystin. Lysates were centrifuged at 
10,000g for 15 min at 4°C, and the supernatants containing the 
detergent-soluble fraction were incubated with GST-Bind resin (EMD 
Millipore) for 30 min at 4°C and washed three times, and then 
GST-PKC was eluted off the beads with buffer containing 50 mM 
Hepes (pH 7.5), 1 mM EDTA, 100 mM NaCl, 1 mM DTT, and 
10 mM glutathione. Purified protein was concentrated with Amicon 
Ultra-0.5 centrifugal filters (50-kDa cutoff; EMD Millipore) to 
100 l. Protein purity and concentration were determined using BSA 
standards on an 8% SDS-PAGE mini-gel stained with Coomassie 
Brilliant Blue stain.

In vitro kinase activity assays
The activity of purified GST-PKC (6 nM) was assayed as previous-
ly described (77) except that the substrate was the MARCKS peptide 
substrate (Ac-FKKSFKL-NH2) and with the specific assay condi-
tions as follows. Reactions contained 20 mM Hepes (pH 7.4), BSA 
(0.06 mg/ml), 1.2 mM DTT, 100 M [-32P]ATP, 100 M peptide 
substrate, and 5 mM MgCl2. Assays were performed in the presence 
of Ca2+ (100 M) and PS (140 M):DAG (3.8 M) multilamellar 
vesicles (activating conditions) or 50 M EGTA (nonactivating 
conditions). Reactions were allowed to proceed at 30°C for 10 min 
before quenching as described (78).

Mouse model and harvest of cerebella
Under an approved University of Washington Institutional Animal 
Care and Use Committee (IACUC) protocol (IACUC 4039-01), 
SCA14 mutant (H101Y) and WT PKC Tg mice were generated 
using modified human-BAC constructs, where expression of human 
PKC is regulated by the endogenous human PRKCG promoter. 
Flanking neuronal-expressed genes were removed, and an enhanced 
green fluorescent protein (eGFP)–tag was introduced to enable 
detection and visualization of the transgene. Purified PRKCG fragments 
were microinjected into C3H/C57BL6 (inbred mouse background 
strain, RRID:IMSR_JAX:000664) hybrid oocyte pronuclei. RNA, 
Western blot, and immunohistochemical analyses all confirmed 
expression of the transgene. We interbred the lines to homozygosity 
for the transgenes (WT- and H101Y-PRKCG++). The level of ex-
pression of the transgene was lower than that of the endogenous 

PRKCG as detected by fused eGFP-PKC. Rotarod tests of Tg PKC 
WT–expressing or PKC H101Y–expressing mice were performed 
at 1, 3, and 9 months of age. Mice were tested over the course of 
three trial days, and the latency to fall off the rotarod was measured. 
The single technician who performed the rotarod testing was blinded 
to the genotype of the mice. At 6 months of age, three mice of each 
homozygous-Tg genotype and three C57BL/6 mice were euthanized 
by cervical dislocation. Animal numbers were justified in the neuro-
logic testing teams by a power analysis (http://stat.uiowa.edu/~rlenth/
Power/index.html) using a standard two-tailed t test. We also ac-
counted for the natural attrition rate of mice with neurologic impair-
ments. For each genotype, the team consisted of 20 mice to ensure 
that 15 mice completed the test battery. Cerebella were dissected, 
snap-frozen in liquid nitrogen, and kept at −80°C until shipment on dry 
ice to the University of California, San Diego (UCSD) for protein 
extraction and proteomics analysis.

Mass spectrometry–based proteomics
Sample processing, phosphopeptide enrichment, and mass spec-
trometry analysis followed methods described previously (79) but 
are described here briefly to highlight modifications. Snap-frozen 
cerebella (about 45 mg) were homogenized by bead beating at 
37°C in lysis buffer (1 ml) composed of 3% SDS, 75 mM NaCl, 1 mM 
NaF, 1 mM -glycerophosphate, 1 mM sodium orthovanadate, 10 mM 
sodium pyrophosphate, 1 mM PMSF, and 1× Roche cOmplete mini 
EDTA-free protease inhibitors in 50 mM Hepes (pH 8.5). Rough 
homogenates were then further subjected to probe sonication (Q500 
QSonica sonicator with a 1.6-mm microtip). To the protein mixture 
was added an equal volume of urea (8 M in 50 mM Hepes). Samples 
were reduced and alkylated using DTT (5 mM) and iodoacetamide 
(15 mM), respectively. Proteins were precipitated using chloroform/
methanol, dried, and resuspended in 1 M urea in 50 mM Hepes (600 l). 
Proteins were then digested using LysC, followed by trypsin before 
purification by SepPak cartridges. Protein aliquots (50 g) from each 
sample were lyophilized and stored at −80°C for labeling and pro-
teomic analysis, along with 7 g per sample pooled to generate two 
bridge channels. From each sample, 1 mg of peptide was subjected 
to phospho-enrichment using 6 mg of titanium dioxide beads. En-
riched peptides were desalted using solid-phase extraction columns, 
lyophilized, and stored at −80°C until labeling.

For both the phospho-enriched peptides and the reserved peptides for 
proteomics, we labeled peptides with tandem mass tag reagents, reserving 
the 126 and 131 mass labels for the two bridge channels. Labeled samples 
were then pooled into multiplex experiments and desalted by solid- 
phase extraction. Sample fractionation was performed using spin columns 
to generate eight fractions per multiplex experiment. Fractions were 
lyophilized and resuspended in 5% formic acid/5% acetonitrile for liquid 
chromatography with tandem mass spectrometry/three stage mass 
spectrometry (LC-MS2/MS3) identification and quantification. LC-MS2/
MS3 analysis was performed on an Orbitrap Fusion mass spectrometer, 
and data processing was carried out using the ProteomeDiscoverer 
2.1.0.81 software package as described previously (79).

Motif enrichment analysis was done using motifx (R package rmotifx 
version 1.0). Foreground sequences were set to sequences of length 
15 flanking unique phospho-sites either significantly increased or decreased 
in H101Y:WT. Background sequences were extracted from the mouse 
proteome (UniProt UP000000589, downloaded 28 January 2022) using 
parseDB and extractBackground (R package PTMphinder, version 0.1.0). 
Central residue was set to “S” or “T” as appropriate, minimum sequence 
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cutoff was set to 5, and P value cutoff was set to 1 × 10−5. Logos for signifi-
cantly enriched motifs were generated using WebLogo (version 3.7.4).

PKC structural model
The PKC model was built in UCSF Chimera 1.13.1 (80) with inte-
grated Modeller 9.21 (81). The kinase domain was modeled using the 
structure of PKCII [Protein Data Bank (PDB): 2I0E] as a template. 
The structure of the C1B domain was modeled using the structure of 
the C1A of PKC (PDB: 2E73). The C1 domains were docked to the 
kinase domain according to the previously published model of PKC 
(62). The structure of the PKC C2 domain (PDB: 2UZP) was docked 
to the kinase domain and C1 domain complex using the PKCII 
model as a starting point using ClusPro web server (82).

Quantification and data analysis
FRET ratios for CKAR assays were acquired with MetaFluor 
software (Molecular Devices). Ratios were normalized to starting 
point or end point (1.0) as indicated in the figure legends. Western 
blots were quantified by densitometry using the AlphaView soft-
ware (ProteinSimple). GO was performed by DAVID GO (49, 50) 
and was background-adjusted using the Mus musculus species 
background. Statistical significance was determined by unequal 
variance (Welch’s) t test or multiple t tests (with the Holm-Sidak 
method of determining significance) performed in GraphPad Prism 8 
(GraphPad Software).

SUPPLEMENTARY MATERIALS
www.science.org/doi/10.1126/scisignal.abk1147
Figs. S1 to S4
Table S1
Data file S1
MDAR Reproducibility Checklist

View/request a protocol for this paper from Bio-protocol.
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