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Cyclic adenosine monophosphate (cAMP) is a pivotal second mes-
senger with an essential role in neuronal function. cAMP synthesis
by adenylyl cyclases (AC) is controlled by G protein–coupled recep-
tor (GPCR) signaling systems. However, the network of molecular
players involved in the process is incompletely defined. Here, we
used CRISPR/Cas9–based screening to identify that members of the
potassium channel tetradimerization domain (KCTD) family are
major regulators of cAMP signaling. Focusing on striatal neurons,
we show that the dominant isoform KCTD5 exerts its effects
through an unusual mechanism that modulates the influx of Zn2+

via the Zip14 transporter to exert unique allosteric effects on AC.
We further show that KCTD5 controls the amplitude and sensitivity
of stimulatory GPCR inputs to cAMP production by Gβγ-mediated
AC regulation. Finally, we report that KCTD5 haploinsufficiency in
mice leads to motor deficits that can be reversed by chelating Zn2+.
Together, our findings uncover KCTD proteins as major regulators
of neuronal cAMP signaling via diverse mechanisms.

cAMP j GPCR j neuron j striatum j zinc

Cyclic adenosine monophosphate (cAMP) is the key second
messenger that mediates a vast number of cellular reac-

tions to oncoming stimuli (1). Accordingly, it is involved in reg-
ulating a myriad of physiological processes including, among
many others, proliferation, differentiation, synaptic plasticity,
and actions of hormones and neurotransmitters (2–4).

The homeostasis of cAMP is tightly controlled by the elabo-
rate yet incompletely established network of players. cAMP is
enzymatically synthesized from ATP by adenylyl cyclases (ACs)
and degraded by phosphodiesterases. In mammals, there are
nine transmembrane AC isoforms that show exquisite and dif-
ferential regulation by a variety of mechanisms that include
macromolecular scaffolding, binding of proteins and cofactors.
Moreover, activity of ACs is also controlled by heavy metals (5,
6), calcium (7), and by a natural product forskolin, which acts
through a distinct allosteric site (8, 9).

Perhaps the best characterized modulatory input into the
AC system controlling cAMP dynamics is provided by G protein–
coupled receptors (GPCRs), the largest family of cell surface
receptors with prominent roles in cellular communication, phys-
iology, and disease (10, 11). Most, if not all, canonical GPCRs
signal by activating heterotrimeric G proteins, which entails
their dissociation into Gα and Gβγ subunits. Most AC isoforms
are activated by direct interaction with Gαs and Gαolf and are
inhibited by binding to Gαi1, Gαi2, Gαi3, and Gαz (12, 13). In
addition, ACs are regulated by the Gβγ subunits, which provide
inhibition of some ACs while conditionally stimulating other
isoforms (14). However, the mechanisms of AC regulation are
not fully elucidated with a growing appreciation that there are a
significant number of players with pivotal roles in cAMP regula-
tion yet to be discovered.

Gβγ subunits have recently been identified to form a com-
plex with members of the K+ channel tetradimerization domain
(KCTD) family of proteins (15, 16). KCTD oligomers have
been identified as adapters that enable Cul3-mediated ubiquitin

degradation of substrate proteins (17), including Gβγ dimers
(16, 18). Interaction of certain KCTD members with Gβγ have
also been shown to regulate Gβγ availability for engagement
with some effectors (19–21). Although KCTD proteins have
ties to GPCR signaling (15, 18), the action of KCTDs on cellu-
lar signaling and the mechanisms of their effects remain poorly
understood. In this study, we report a previously unknown role
of KCTD members in regulating AC with a major impact on
neuronal cAMP dynamics and movement control in rodents.

Results
Loss of KCTD Proteins Selectively Impacts cAMP Production in
Striatal Neurons. To study the role of KCTD proteins in the
endogenous setting, we used a model of primary striatal neurons.
Two distinct populations of neurons in the striatum process a
variety of neuromodulatory signals programming responses
related to movement coordination and reward valuation (22, 23).
These signals converge on the cAMP system involving a well-
characterized backbone of key elements (24–26), making it an
attractive model for uncovering novel regulators of cAMP signal-
ing (Fig. 1A). We implemented a CRISPR/Cas9 gene editing
screen in primary striatal neurons from cAMP Encoded Reporter
(CAMPER) mice, which conditionally express a cAMP biosensor
(Fig. 1B) (27). A single-vector lentiviral system was used to
unlock biosensor expression and to deliver both Cas9 nuclease
and a single guide RNA (sgRNA)-targeting individual mem-
bers of the KCTD family. In this system, three unique sgRNA
targets were used for each gene (SI Appendix, Table S1). We
chose to investigate KCTD proteins with ties to GPCR signal-
ing, expanding the set to include homologous members of the
subgroups: KCTD2, KCTD5, KCTD8, KCTD12, KCTD16, and
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KCTD17 (15, 16, 18). We first demonstrated in primary stria-
tal neurons the lentiviral CRISPR strategy significantly low-
ered KCTD protein level of the targeted sgRNA with no
effect on other KCTD members (Fig. 1C and SI Appendix, Fig.
S1A). We then measured real-time cAMP dynamics in
response to direct activation of AC with forskolin as well as
to application of neurotransmitters dopamine and adeno-
sine, which produce both stimulatory and inhibitory
responses according to segregated GPCR expression in dis-
tinct populations of striatal neurons (Fig. 1A).

We first observed that elimination of some KCTDs (KCTD2,
KCTD5, or KCTD17) but not others (KCTD8, KCTD12, or
KCTD16) resulted in a significantly increased basal cAMP set-
point in both populations of striatal neurons (Fig. 1D). Applica-
tion of forskolin produced rapid and robust increases in cAMP

in all populations of striatal neurons (Fig. 1E). Strikingly, we
observed that the response was virtually eliminated upon
knockout of KCTD2, KCTD5, or KCTD17 (Fig. 1 E and F). In
contrast deletion of other KCTD members (KCTD8, KCTD12,
and KCTD16) had no influence on forskolin-mediated cAMP
generation. These results indicate that several members of the
KCTD family are required for setting cAMP tone as well as
direct activation of AC by forskolin in striatal neurons.

To understand whether KCTDs affect cAMP production
globally or have more selective effects we next evaluated the
GPCR-driven responses. We first focused on stimulatory inputs
to AC by recording cAMP responses initiated by the dopamine
1 receptor (D1R) in response to increasing dopamine concen-
trations (Fig. 1G). Remarkably, we observed that elimination of
KCTD2, KCTD5, or KCTD17 enhanced cAMP production in
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Fig. 1. KCTD proteins differentially regulate cAMP signaling in striatal neurons. (A) Scheme of inputs to AC5 in striatal medium spiny neurons.
(B) CRISPR/Cas9 gene editing strategy in CAMPER primary striatal neurons. (C) Western blot for KCTD level in primary striatal neurons subject to CRISPR/
Cas9 targeting of KCTDs or control. n = 4 cultures for each sgRNA. (D) Baseline cAMP values in D1R+ and D2R+ striatal neurons classified by directionality
of response to dopamine. n ≥ 9 neurons/group; one-way ANOVA; and #P < 0.0001. (E) Averaged cAMP responses to bath application of 100 μM forskolin.
n ≥ 16 neurons/group. (F) Max cAMP response amplitude to 100 μM forskolin in striatal neurons. n ≥ 16 neurons/group; one-way ANOVA; and ****P <
0.0001. (G) Dopamine ! D1R dose–response curve. n ≥ 13 neurons/dose. (H) Max D1R response amplitude from 100 μM dopamine. n ≥ 10 neurons/group;
one-way ANOVA; ***P < 0.001; and ****P < 0.0001. (I) D1R response EC50 from dopamine. n ≥ 13 neurons/dose; one-way ANOVA; and ****P < 0.0001.
(J) Dopamine ! D2R dose–response curve. n ≥ 9 neurons/dose. (K) Max D2R response amplitude from 100 μM dopamine. n ≥ 9 neurons/group. (L) D2R
response EC50 from dopamine. n ≥ 9 neurons/dose. All data represented as mean ± SEM.
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response to dopamine application as evidenced by the signifi-
cantly larger response amplitudes with the effect of KCTD5
elimination being the greatest (Fig. 1H). Interestingly, elimina-
tion of KCTD5 also increased the sensitivity of responses to
dopamine as evidenced by a leftward shift in the dose–response
curve, significantly lowering the half maximal effective concen-
tration (EC 50) values (Fig. 1I). No significant effects on either
extent or sensitivity of dopamine-initiated cAMP production
were observed upon elimination of KCTD8, KCTD12, or
KCTD16.

To evaluate whether the observed effects were receptor spe-
cific, we also assessed stimulatory responses through the adeno-
sine 2A receptor (A2AR) (SI Appendix, Fig. S1B). Similar to
dopamine responses, we observed that elimination of KCTD5
increased both maximum response amplitude and potency (SI
Appendix, Fig. S1C). Individual knockouts of all other KCTDs
had no influence on response amplitude; however, loss of
KCTD17 increased potency of adenosine responses (SI
Appendix, Fig. S1D). A pattern emerged from the data whereby
one group of KCTDs (KCTD2, KCTD5, and KCTD17) regulate
cAMP production while the remaining group of KCTDs
(KCTD8, KCTD12, or KCTD16) did not. Therefore, to evalu-
ate functional redundancy of KCTD involvement, we next per-
formed aggregate knock out for the members of each group at
once and then assessed cAMP mobilization (SI Appendix, Fig.
S1 E–L). We observed that simultaneous deletion of KCTD8/
12/16 did not alter cAMP responses to both dopamine and
adenosine, whereas aggregate KCTD2/5/17 knockout produced
changes with similar effect size as loss of only KCTD5, suggest-
ing that KCTD5 is the dominant regulator of cAMP responses
in striatal neurons. To investigate whether results were due to
off-target effects from our triple-sgRNA approach, we individu-
ally tested each of the three KCTD5 targeting sgRNAs. On
their own, each sgRNA significantly reduced KCTD5 protein
level (SI Appendix, Fig. S1M). Moreover, each individual
KCTD5 sgRNA recapitulated the effects observed from pooled
CRISPR approach on basal cAMP (SI Appendix, Fig. S1N),
forskolin-mediated amplitude (SI Appendix, Fig. S1O), and
responses to dopamine (SI Appendix, Fig. S1 P and Q). Overall,
select KCTD members (KCTD2, KCTD5, and KCTD17)
enhanced stimulatory AC inputs in nonredundant fashion with
differential effects on response parameters, with no role in the
process observed for KCTD8, KCTD12, or KCTD16.

Next, we assessed the contribution of KCTDs in regulating
the inhibitory GPCR signaling to AC. We first confirmed iden-
tity of dopamine 2 receptor (D2R) containing primary striatal
neurons with application of the D2R antagonist raclopride,
which eliminated dopamine-mediated responses in D2R+ neu-
rons but had no effect on D1R+ neurons (SI Appendix, Fig. S2
A and B). We then found that knockout of any KCTDs individ-
ually was unable to significantly alter either the potency or the
efficacy of the cAMP suppressant effects mediated by the acti-
vation of D2R (Fig. 1 J–L). Similar lack of the effect was
observed when the responses were triggered by the adenosine 1
receptor (A1R) (SI Appendix, Fig. S2 C–E). Simultaneous dele-
tion of KCTD2/5/17 also failed to alter the properties of inhibi-
tory responses to either dopamine or adenosine (SI Appendix,
Fig. S2 F–M). In contrast, aggregate knockout of KCTD8/12/16
significantly diminished the maximal amplitudes of both A1R-
and D2R-mediated responses without altering their potencies
(SI Appendix, Fig. S2 F–M). We thus conclude that some
KCTDs (KCTD8, KCTD12, and KCTD16) but not others
(KCTD2, KCTD5, and KCTD17) redundantly regulate the effi-
cacy of the inhibitory GPCR signaling to cAMP production.

Overall, our findings reveal that amid nuanced, largely negative
impact on GPCR-mediated regulation of cAMP production, some
KCTDs (KCTD2, KCTD5, and KCTD17) have striking permissive
role of forskolin-mediated AC at the allosteric site with KCTD5

serving as a dominant player controlling all regulatory AC inputs
in striatal neurons.

KCTD5 Controls cAMP Signaling through Zip14-Mediated Allosteric
AC Regulation. The absolute requirement of select KCTDs for
forskolin-mediated cAMP production is striking. Investigating
the mechanisms of this regulation, we reasoned that because
KCTDs have opposite inhibitory effect on GPCR-mediated
stimulation, the effect on forskolin likely reflects altered alloste-
ric regulation of AC. Indeed, forskolin binds to a presumptive
allosteric pocket, distinct from the G protein–binding sites (8).
Such allosteric sites on AC are heavily influenced by divalent
metal ions (6, 7). Whereas Mg2+ or Mn2+ positively regulate
AC activity, Zn2+ has been shown to potently suppress AC
activity in reconstituted systems (5). To test a hypothesis regard-
ing the involvement of Zn2+ in the effects of KCTDs, we first
examined whether cAMP responses of striatal neuron to for-
skolin were sensitive to Zn2+. Indeed, we observed that bath
application of Zn2+ substantially diminished amplitudes of
forskolin-mediated cAMP responses (Fig. 2 A and B). Curi-
ously, mining the dataset of proteins targeted for degradation
by the ubiquitin ligase activity of KCTD5 (18), we found metal
transporter Slc39A14 (Zip14), with prominent role in the trans-
port of Zn2+, among the candidates. Validating this observa-
tion, we detected that knockout of KCTD5 as well as KCTD2
and KCTD17 resulted in approximately twofold increase in
Zip14 levels (Fig. 2C). To further investigate, we examined
Zip14 ubiquitination by KCTD5 in transfected human embry-
onic kidney 293 (HEK 293) cells. The Zip14 degradation process
has been previously reported (28) and consists of deglycosylation
(Zip14-DG) and ubiquitination (Zip14-Ub), resulting in both
lower (Zip14-DG)– and higher (Zip14-Ub)–molecular weight
forms. Incubation with the proteasome inhibitor Bortezomib
resulted in the accumulation of both Zip14-DG and Zip14-Ub
upon overexpression of ubiquitin machinery (Ubiquitin, Cul3,
and NEDD8) but not in Zip14 transfection alone (Fig. 2D).
Strikingly, cotransfection of Zip14 with KCTD5 alone also
induced the emergence of Zip14-DG and Zip14-Ub, suggesting
that increasing the abundance of KCTD5 is sufficient to induce
Zip14 ubiquitination and subsequent degradation. This finding
indicates that Zip14 is indeed targeted for degradation by
KCTD5, suggesting that elevation of Zip14 levels in striatal neu-
rons lacking KCTD5 may be mechanistically explained by inhibi-
tion of Zip14 degradation.

To examine the consequence of increased Zip14, we studied
its role in Zn2+ transport into striatal neurons using the fluores-
cent zinc biosensor Fluozin-3 (Fig. 2E). Bath application of
Zn2+ at a physiologically relevant 1 μM concentration (29)
resulted in a slow Zn2+ entry (Fig. 2F). The rate of the Zn2+

flux was substantially accelerated by Zip14 overexpression, con-
sistent with its role in intracellular Zn2+ transport. Remarkably,
we found that KCTD5 elimination resulted in a comparable
increase in Zn2+ transport (Fig. 2F). Importantly, dose–response
studies revealed that Zip14 overexpression and KCTD5 elimi-
nation both caused similar leftward shifts allowing loading the
neurons at much-lower extracellular Zn2+ concentrations as
compared with control neurons (Fig. 2 G and H). Furthermore,
both Zip14 overexpression and KCTD5 elimination produced
significant increases in the maximum amount of Zn2+ loaded
into the neurons, allowing higher intracellular concentrations to
be achieved (Fig. 2I).

To determine the causal connection between KCTD5 and
Zip14 in regulating AC activity, we performed a genetic epista-
sis experiments in CAMPER neurons (Fig. 2J). First, we verified
that overexpression of Zip14 was sufficient to occlude
forskolin-mediated cAMP responses (Fig. 2K). Given their
opposing presumptive relationship, we argued that if KCTD5
effects on forskolin-stimulated cAMP generation are solely
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Fig. 2. KCTD5 modulates AC5 activity through Zip14-mediated zinc flux. (A) Averaged cAMP responses to bath application of 100 μM forskolin in striatal
neurons in the presence or absence of zinc chloride (100 μM). n = 16 neurons/group. (B) Max cAMP response amplitude to 100 μM forskolin in the pres-
ence or absence of zinc chloride (100 μM). n = 16 neurons/group; nonparametric Mann–Whitney U test; and ****P < 0.0001. (C) Western blot for Zip14
level in primary striatal neurons subject to CRISPR/Cas9 targeting of KCTDs or control. n = 4 cultures/group; one-way ANOVA Tukey comparison test to
control sgRNA; *P < 0.05; and **P < 0.01. (D) Western blot from HEK293 cells with indicated transfection and 2-h treatment with dimethyl sulfoxide
(DMSO) or Bortezomib (100 nM). Bands labeled for ubiquitinated Zip14-Ub and Zip14-DG. Representative blot of three independent experiments. (E)
Scheme of Fluozin-3 sensor responding to Zn2+. (F) Averaged Zn2+ responses to bath application of 1 μM zinc chloride in striatal neurons (n = 27 control
CRISPR/Cas9, n = 25 KCTD5 CRISPR/Cas9 knockout, and n = 15 Zip14 overexpression) and rate of Zn2+ flux in striatal neurons. n = 27 control CRISPR/Cas9
(r2 = 0.969), n = 25 KCTD5 CRISPR/Cas9 knockout (r2 = 0.967), n = 15 Zip14 overexpression (r2 = 0.979); one-way ANOVA Dunnett’s multiple comparison;
and ****P < 0.0001. (G) Zinc flux dose–response curve. n ≥ 9 neurons/dose. (H) Zinc flux EC50. n ≥ 9 neurons/dose; one-way ANOVA Dunnett’s multiple
comparison; and **P < 0.01. (I) Max zinc flux. n ≥ 11neurons/group; one-way ANOVA Dunnett’s multiple comparison; *P < 0.05, and ****P < 0.0001. (J)
Averaged cAMP responses to bath application of 100 μM forskolin. n ≥ 9 neurons/group. (K) Max cAMP response amplitude to 100 μM forskolin in striatal
neurons. n ≥ 9 neurons/group; one-way ANOVA Dunnett’s multiple comparison; and ****P < 0.0001. (L) AC5 and Zip14 coimmunoprecipitate in trans-
fected HEK293T/17 cells. Representative data from three independent experiments. All data represented as mean ± SEM.
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mediated by Zip14, we should be able to rescue the loss of
responsiveness phenotype in KCTD5 knockout neurons by
additional elimination of Zip14. Indeed, while knockout of
Zip14 alone did not alter cAMP generation kinetics, Zip14
elimination in neurons lacking KCTD5 restored responses to
forskolin back to profile observed in control neurons (Fig. 2K).

The extreme sensitivity of cAMP regulation to Zn2+ in stria-
tal neurons, despite expectedly high level of metal ion buffering
by cytoplasmic metalloproteins (30), prompted us to explore a
possibility that Zip14 could be macromolecularly integrated
with the cAMP-producing machinery. We examined the interac-
tion between Zip14 and dominant striatal AC isoform, AC type
5 (AC5), transfected into HEK293 cells. We detected a robust
coimmunoprecipitation of AC5 with Zip14 in both forward and
the reverse directions upon their coexpression (Fig. 2L).

Skipping the antibody target in the control experiments showed
that this interaction was specific. Collectively, these results indi-
cate that in striatal neurons, KCTD5 acts as a major regulator
of cAMP production, acting to regulate Zn2+ homeostasis by
controlling the level of Zip14 transporter, which in turn forms
macromolecular complexes with AC5 delivering Zn2+ ions for
the allosteric control of the enzyme.

KCTD5 Regulates Stimulatory GPCR Inputs to AC through Gβγ. We
next turned to resolve the mechanisms by which KCTD5 inhib-
its GPCR-driven responses. Because this regulation was oppo-
site from the Zip14/Zn2+-mediated regulation of allosteric site,
we reasoned that it involves a distinct molecular entity. An
attractive candidate for mediating GPCR effects of KCTD5 is
Gβγ. It is known to exert a stimulatory effect on striatal AC5

A B

C
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F G

E

Fig. 3. KCTD5 sensitizes striatal cAMP signaling through Gβγ regulation. (A) Western blot analysis from cultured striatal neurons subject to CRISPR/Cas9
targeting of either KCTD5 or scrambled control. n = 6 cultures/group; nonparametric Mann–Whitney U test; *P < 0.05; and **P < 0.01. (B) Western blot
from HEK293 cell with indicated transfection (Gαo, Gβ2, Gγ7, ubiquitin, and KCTD5) and 2-h treatment with AlF4 (30 μM), Bortezomib (100 nM), or both.
Band labeled for ubiquitinated Gβ (Gβ-Ub). Representative blot of three independent experiments. (C) Gβγ-mediated sensitization of Gαolf-AC-cAMP sig-
naling is attenuated by the Gβγ-scavenger Grk3ct. (D) Representative D1R-mediated cAMP responses to a phasic puff of 100 μM dopamine (Left), with
Grk3ct overexpression (Gβγ block; Middle) or Gβγ overexpression (+Gβγ; Right). n ≥ 8 neurons/group. (E) Max D1R response amplitude from 100 μM dopa-
mine. n ≥ 8 neurons/group; nonparametric Mann–Whitney U test; and ****P < 0.0001. (F) Dopamine ! D1R dose–response curve with Grk3ct overexpres-
sion (Gβγ block; Left) or Gβγ overexpression (+Gβγ; Right). n ≥ 8 neurons/dose. (G) D1R response EC50 from dopamine. n ≥ 14 neurons/dose; nonparametric
Mann–Whitney U test; ns P > 0.05; ***P < 0.001; and ****P < 0.0001. All data represented as mean ± SEM.

PH
A
RM

A
CO

LO
G
Y

Muntean et al.
Members of the KCTD family are major regulators of cAMP signaling

PNAS j 5 of 9
https://doi.org/10.1073/pnas.2119237119



(31) and has also been recently identified as a ubiquitination
substrate of KCTD5 (16, 18). We therefore hypothesized that
elimination of KCTD5 could enhance Gβγ stability, resulting in
increased availability, enabling sensitization of AC activity.
Analysis of protein levels in primary cultured striatal neurons

revealed that KCTD5 elimination caused a significant
up-regulation of Gβ1, an abundant component (26) of Gβγ
complexes in the stratum (Fig. 3A). Moreover, KCTD5 deletion
similarly increased levels of Gαolf (Fig. 3A). Next, we trans-
fected HEK293 cells with G protein heterotrimer with or
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Fig. 4. KCTD5 haploinsufficiency drives motor impairments in mice. A total of 20 mice in two groups of Kctd5 mice (i.e., wild-type [Kctd5þ/þ], n = 6
[male] and 4 [female], and heterozygous [Kctd5þ/�], n = 5 [male] and 5 [female]) were used for behavioral analysis. (A) Western blot from dorsal striatal
tissue punches taken from Kctd5þ/þ and Kctd5þ/�. n = 10 mice per group; nonparametric Mann–Whitney U test; **P = 0.0052; and ***P = 0.0002. (B)
Hindlimb-clasping pathology score for Kctd5þ/þ (n = 10) and Kctd5þ/� (n = 10) mice (unpaired t test; parametric; and **P = 0.003). (C) Ledge test pathol-
ogy score for Kctd5þ/þ (n = 10) and Kctd5þ/� (n = 10) mice (unpaired t test; parametric; and **P = 0.003). (D) Horizontal pole test for Kctd5þ/þ (n = 10)
and Kctd5þ/� (n = 10) mice with varying pole diameter: 15.8 (L), 11 (M), and 8 (S) mm (Left). Time to complete test is shown (two-way ANOVA; Sidak mul-
tiple comparison test; and ***P < 0.001) (Right). Number of hindlimb slips during test (two-way ANOVA; Sidak multiple comparison test; and ***P <
0.001). (E) Vertical pole test score for Kctd5þ/þ (n = 10) and Kctd5þ/� (n = 10) mice (unpaired t test; parametric; and ***P < 0.001). (F) Learning rate on
accelerating rotarod for Kctd5þ/þ (n = 10) and Kctd5þ/� (n = 10) mice. (Two-way ANOVA; Sidak multiple comparison test; and *P = 0.038). (G) Latency to
fall while walking backward on a rotating beam for Kctd5þ/þ (n = 10) and Kctd5þ/� (n = 10) mice (Left). Three intraday trials over 3 d are shown (Right).
Average of daily latency (two-way ANOVA; Sidak multiple comparison test; **P = 0.003, and ***P < 0.001). (H) Hindlimb-clasping pathology score for
mice treated with vehicle (Kctd5þ/þ n = 4, Kctd5þ/� n = 5) or TPEN (Kctd5þ/þ n = 6, Kctd5þ/� n = 5). Two-way ANOVA; Sidak multiple comparison test;
and *P = 0.0295. (I) Latency to fall while walking backward on a rotating beam for mice treated with vehicle (Kctd5þ/þ n = 4, Kctd5þ/� n = 5) or TPEN
(Kctd5þ/þ n = 6, Kctd5þ/� n = 5) (Left). Average from interday trials; two-way repeated measures (RM) ANOVA; Tukey multiple comparison test; and *P <
0.05 for Kctd5þ/� (TPEN) versus other groups (Right). Average latency from all trials; two-way ANOVA; Sidak multiple comparison test; and **P = 0.004.
(J) Vertical pole test score for mice treated with vehicle (Kctd5þ/þ n = 4, Kctd5þ/� n = 5) or TPEN (Kctd5þ/þ n = 6, Kctd5þ/� n = 5). Two-way ANOVA; Sidak
multiple comparison test; and ***P = 0.0004. (K) Ledge test pathology score for mice treated with vehicle (Kctd5þ/þ n = 4, Kctd5þ/� n = 5) or TPEN
(Kctd5þ/þ n = 6, Kctd5þ/� n = 5). Two-way ANOVA; Sidak multiple comparison test. All data represented as mean ± SEM.
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without KCTD5. Dissociation of Gβγ from the complex with
AlF4 resulted in the appearance of prominent monoubiquiti-
nated Gβ band (Gβ-Ub) upon proteasome blockade only when
KCTD5 was present (Fig. 3B). The observation indicates that
the heterotrimeric G protein complexes are indeed regulated
by KCTD5, leading to direct ubiquitin-mediated degradation of
Gβ, which in turn destabilizes associated Gα. Finally, we found
that Gβ levels are similarly up-regulated in striatal neurons
upon knockout of KCTD2 and KCTD17 but not KCTD8,
KCTD12, or KCTD16 (SI Appendix, Fig. S3A).

To test whether the enhancement of cAMP responses to
stimulatory GPCR activation could be indeed explained by
excess Gβγ, we performed both loss and gain of function
experiments (Fig. 3C). First, we blocked Gβγ–AC5 interaction
by overexpressing the Gβγ scavenger GRK3CT, known to pre-
vent Gβγ binding to effectors (32). We found that Gβγ blockade
indeed abolished the effects of KCTD5 elimination (Fig. 3D
and SI Appendix, Fig. S3B) through a reduction in maximum
cAMP efficacy (Fig. 3E and SI Appendix, Fig. S3C). While Gβγ
blockade did not have a significant effect on the sensitivity of
the control neurons’ responses to dopamine (Fig. 3F) and
adenosine (SI Appendix, Fig. S3D), mediated by D1R and A2R
respectively, GRK3CT increased EC50 values for both neuro-
transmitters in KCTD5 knockout neurons back to their wild-
type levels (Fig. 3G and SI Appendix, Fig. S3E).

We next overexpressed the Gβγ dimer aiming to saturate its
sensitizing effect on AC5 and thereby bypass the action of
KCTD5 if the effect of its elimination is indeed due to the
increased Gβγ availability. Consistent with the published litera-
ture, we found that overexpression of Gβγ in control neurons
increased the sensitivity of dopamine and adenosine responses
as well as augmented their maximal amplitudes (Fig. 3 D–G
and SI Appendix, Fig. S3 B–E). This effect essentially phe-
nocopied the behavior of KCTD5 knockout neurons. Impor-
tantly, Gβγ overexpression failed to significantly alter response
properties of both transmitters in the absence of KCTD5, sug-
gesting that Gβγ overexpression and KCTD5 loss work through
the same mechanism. Collectively, this data indicates that
KCTD5 tunes GPCR signaling to cAMP production by regulat-
ing the extent of Gβγ available for AC binding.

KCTD5 Regulates Animal Motor Behavior in a Zn2+-Dependent
Manner. Our data thus far collectively demonstrate a role for
KCTD5 in regulating striatal cAMP through a combination of
mechanisms. Because disruption of the striatal cAMP system is
often associated with impairments in control of movements
(33), we next investigated the role of KCTD5 in regulating
motor control in vivo. Breeding mice with a null Kctd5 allele
did not produce any homozygous littermates, suggesting embry-
onic lethality upon complete elimination of KCTD5. However,
heterozygous Kctd5þ/� mice were viable and appeared normal.
We found that KCTD5 levels were significantly reduced in the
dorsal striatum of these mice, revealing KCTD5 haploinsuffi-
ciency (Fig. 4A). Moreover, Zip14 level was significantly
up-regulated in the striatal tissues of Kctd5þ/� mice (Fig. 4A).

To assess behavioral implications of KCTD5 reduction, we
employed a panel of assays for motor behaviors sensitive to per-
turbations in the striatal circuitry (34). We found that Kctd5þ/�

mice showed significant hindlimb-clasping phenotype, a hallmark
dystonic feature absent in wild-type (Kctd5þ/þ) (Fig. 4B). The
Kctd5þ/� mice also performed consistently worse than Kctd5þ/þ

littermates in behavioral tests designed to test limb coordina-
tion: ledge walking (Fig. 4C), horizontal (Fig. 4D), and vertical
(Fig. 4E) pole tests. Next, we assessed motor skill learning and
consolidation by evaluating mice on an accelerating rotarod
over 5 consecutive d with 10 intraday trials (SI Appendix, Fig. S4A).
This test revealed that Kctd5þ/� mice had significantly reduced
improvements in motor learning compared with Kctd5þ/þ

littermates (Fig. 4F). These deficits were more pronounced upon
increasing the challenge in the test by reversing the rotation direc-
tion so that the animals walk backward (Fig. 4G).

We next assessed whether motor deficits were due to irregu-
larities in ambulatory ability or generalized behavioral deficits.
We first found that all animals had similar grip strength (SI
Appendix, Fig. S4B). We next evaluated mice in the open-field
test (SI Appendix, Fig. S4 C–J). No statistical differences were
observed between genotype or sex in any of the parameters:
distance traveled (SI Appendix, Fig. S4 C and D), velocity (SI
Appendix, Fig. S4 E and F), time spent in center (SI Appendix,
Fig. S4 G and H), and time spent in corner (SI Appendix, Fig.
S4 I and J).

To test whether an excess of zinc generated by up-regulation
of Zip14 upon KCTD5 loss may play a role in motor deficits
observed in Kctd5 haploinsufficient mice, we treated mice
chronically with a Zn2+ ion chelator N, N, N’, N-Tetrakis (2-pyr-
idylmethyl) ethylenediamine (TPEN). Strikingly, TPEN treat-
ment completely rescued the hindlimb-clasping (Fig. 4H) as
well as the limb coordination in the backward-walking assay
(Fig. 4I) in Kctd5þ/� mice. TPEN treatment also partially res-
cued the Kctd5þ/� deficits observed in the vertical pole assay
(Fig. 4J) but had no effect on animal behavior in the ledge test
(Fig. 4K). These effects were specific, as control Kctd5þ/þ ani-
mals were not influenced by the TPEN treatment.

Overall, our behavioral experiments reveal that KCTD5 hap-
loinsufficiency in mice significantly compromises motor behav-
ior which could be partially rescued by zinc chelation, providing
in vivo evidence for KCTD5 in controlling GPCR-signaling
pathways via Zn2+ dependent mechanisms.

Discussion
In this study, we link enigmatic members of KCTD family to
regulation of a key cellular second messenger system—the
cAMP pathway. The KCTD proteins were originally identified
for their role in regulating kinetics and magnitude of GABAB

receptor singling to G protein inwardly rectifying K+ (15, 19).

Fig. 5. Dual modulation of AC5 activity by KCTD mediated through Gβγ
and Zip14. Schematic illustration of distinct binding domains on AC5.
Occupation of binding sites enable substrates to modulate degree of open
(active) and closed (inactive) conformation state of the enzyme, subse-
quently altering catalytic activity. Green substrates favor open (active)
state, and red substrates favor closed (inactive) state. Gβγ binds intracellu-
lar N terminus. Gαi and Gαolf have distinct binding site on catalytic
domains (C1 and C2, respectively). Forskolin (FSK) and Zn2+ bind near ATP.
In our model, Zip14 proximity facilitates loading Zn2+ in AC5. KCTD5 inhib-
its both Gβγ and Zip14, thus exerting dual regulation over AC5 activity. PH
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It has been subsequently determined that they do so by specific
and direct interaction with both GABAB and Gβγ acting as
scaffolds (20, 21, 35). Furthermore, some KCTDs have been
also found to serve as adaptors for cullin 3 ubiquitin ligases
(36), and Gβγ has been identified as one of their targets (16,
18). The current study expands these isolated reports to reveal
that KCTDs are generally involved in regulating GPCR signal-
ing via effects on the cAMP system.

Our systematic profiling of KCTD family in the endogenous
setting of native striatal neurons identified that a major role in
defining GPCR signaling to cAMP belongs to KCTD5 (Fig. 5).
We identified that KCTD5 acts by a two-tiered mechanism to
exert its effects. First, we show that KCTD5 acts to regulate
stimulation of AC by Gαs/Gαolf adjusting potency and efficacy
of GPCR inputs in a Gβγ-dependent manner. These effects are
consistent with the identified role of KCTD5 as a ubiquitin
ligase for Gβγ (16, 18) and are thus likely brought about by
direct regulation of Gβγ stability by KCTD5. The second mech-
anism is intriguing, unexpected, and sheds light onto neuromo-
dulatory system that adjusts neuronal responses. We found that
KCTD5 is a powerful modulator for the Zn2+ effects on GPCR
signaling, acting via controlling the expression of Zip14, a metal
transporter that regulates Zn2+ flux. We found that loss of
KCTD5 leads to increased zinc influx, which in turn reduces
efficacy at the allosteric binding site on AC. The extent of this
effect is striking: knockout of KCTD5 essentially abolished
cAMP accumulation in response to forskolin. Prior studies sup-
port the role of Zip14 in regulation of cAMP (37); however, we
offer a mechanistically distinct explanation of the reactions
underlying this regulation.

Our observations uncover a fundamental role of Zn2+ in reg-
ulation of striatal GPCR inputs, outside of the described role
for zinc in contributing to neuronal activity and circuitry. In
general, glutamatergic neurons pack labile zinc into synaptic
vesicles with glutamate (38). Neurotransmitter corelease ena-
bles Zn2+ to allosterically modulate synaptic plasticity by inhibi-
tion of key postsynaptic players including NMDAR (39) and
GABAA (40). Particularly in the striatum, zinc modulation of
ion channels tunes electrical activity (41–43) and inhibits excit-
atory responses from endogenous inputs (44). Given the key
cAMP-mediated role in regulating both NMDAR (45) and
GABAA (46), electrical conductance is likely further influenced
by the mechanism we report here by which Zip14 tunes GPCR
responses in striatal neurons by modulating zinc homeostasis
and zinc entry into neurons. We found a major target of Zn2+

in striatal neurons is regulation by Zip14–AC5, placing AC5 on
a growing list of molecules (e.g., PKC, PLC, TRPV, and
TRPM7) influenced by zinc transients (47). Although metal-
binding sites in AC5 are thought to be canonically occupied by
Mg2+, structures of the enzyme bound to Zn2+ have been
solved (6). We propose a model in which Zip14–AC5 proximity
facilitate Zn2+ displacement of Mg2+. Indeed, Zn2+-binding
induces conformational changes in AC5 (48) thought to facili-
tate enzymatic inhibition (5). Consistent with this model are
further observations in the hippocampus where Zn2+ has been
shown to attenuate forskolin-induced LTP (49), which occurs in
the concentration range of synaptically released Zn2+ (50). This
mechanism may be generalized across the brain, perhaps incor-
porating tissue specificity of Zip family members, given that
most ACs are regulated by forskolin.

We think that several KCTD proteins likely share common
mechanisms by which they regulate cellular signaling. All
KCTD proteins contain N-terminal BTB domains that mediate
protein interactions, which include binding partners such as
GABAB receptor, Cul3, and Gβγ (20, 21, 36). Intriguingly,
KCTDs also homo-oligomerize into tetramers and pentamers,
which is thought to enhance affinity with binding partners (36,

51, 52). It has recently been demonstrated that KCT12 and
KCTD16 form functional heter-oligomeric complexes (53). In
principle, hetero complex assembly is plausible across the
KCTD subfamilies that share homology and likely organizes
higher-level complexity of KCTD regulation over GPCR signal-
ing. For example, in regulation of inhibitory G protein inputs to
AC, we observed redundancy in the roles between KCTD8,
KCTD12, and KCDT16. Elimination of all three of these
KCTDs was therefore necessary to compromise reduction of
cAMP formation upon activation of inhibitory GPCRs. It is
tempting to speculate that the more prominent effects of
KCTD5 over other members in regulating stimulatory G pro-
tein signaling may be explained by its ability to endow KCTD
heteromers with high-affinity Gβγ recognition in which even
subtle change in Gβγ concentration exerts significant impact on
adjusting stimulatory inputs to AC.

Finally, it is interesting to consider implications of the identified
KCTD-mediated regulation of cAMP signaling for understand-
ing pathophysiological process. KCTD-associated impairments
include movement disorder (KCTD17) (54), autism spectrum
disorder (KCTD13 and KCTD21) (55, 56), bipolar disorder
(KCTD12) (57), epilepsy (KCTD3 and KCTD7) (58, 59), and
Alzheimer’s disease risk (KCTD2) (60). We believe that the
implication of numerous KCTDs in diverse pathologies high-
lights the potential for the entire KCTD family to serve as neu-
romodulatory adjustors of GPCR–cAMP signaling, depending
on cell type–specific KCTD contributions in driving neural net-
works. We demonstrate how this process is further nuanced in
the case of KCTD5-mediated regulation of Zip14. Interest-
ingly, haploinsufficiency in mice resulted in significant motor
impairments, which were improved by zinc chelation therapy.
Restoration of many but not all behavioral deficits may be due
to the dichotomous role of KCTD5 in regulating both G pro-
tein and Zip14-mediated activity of cAMP dynamics, in which
some behaviors may be more sensitive to modulation by Zn2+

signaling. In alignment with our behavioral observation, clinical
variants in the Zip14-encoding gene, Slc39a14, have recently
been implicated in parkinsonism–dystonia (61). This connects
KCTDs and Zip14 to a series of striatal cAMP regulators causal
to movement disorders that includes AC5 (62), Gαolf (63), Gαo
(34, 64, 65), Gβ1 (66, 67), and PDE10A (68). The diversity of
KCTD interactome, defined in part by their cooperative hetero-
oligomeric complex assembly, introduces a distinct signaling para-
digm to our understanding of cAMP regulation. We are hopeful
that future investigation will unravel further signaling logistics and
components in striatal GPCR pharmacology repertoire.

Materials and Methods
All animal experiments were conducted in accordance with the Guide for the
Care and Use of Laboratory Animals of the NIH and approved by the Institu-
tional Animal Care and Use Committee at The Scripps Research Institute. Ani-
mal studies involved the use of mouse reporter strain CAMPER to study the
dynamics of cAMP by imaging cultures of striatal neurons and Kctd5 knockout
mice used for behavioral evaluation. Standard confocal imaging methods
were applied. Animal behavior was assessed in a panel of assays evaluating
motor performance. We used previously published methods for primary neu-
ronal cultures and CRISPR/Cas9 genetic manipulations. Protein–protein inter-
actions were studied by immunoprecipitation, and protein ubiquitination was
analyzed by Western blotting. Comprehensive details for behavioral experi-
ments, neuronal imaging studies, in vitro assays, and statistical analysis are
provided in SI Appendix, SI Materials andMethods.

Data Availability. All study data are included in the article and/or SI Appendix.
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