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The protein kinase C (PKC) family of serine and threonine kinases, consisting
of three distinctly regulated subfamilies, has been established as critical

for various cellular functions. However, how PKC enzymes are regulated at
different subcellular locations, particularly at emerging signaling hubs, is
unclear. Here we present a sensitive excitation ratiometric C kinase activity
reporter (ExRai-CKAR2) that enables the detection of minute changes
(equivalent to 0.2% of maximum stimulation) in subcellular PKC activity.
Using ExRai-CKAR2 with an enhanced diacylglycerol (DAG) biosensor, we
uncover that G-protein-coupled receptor stimulation triggers sustained
PKC activity at the endoplasmic reticulum and lysosomes, differentially
mediated by Ca?*-sensitive conventional PKC and DAG-sensitive novel
PKC, respectively. The high sensitivity of ExRai-CKAR2, targeted to

either the cytosol or partitioning defective complexes, further enabled

us to detect previously inaccessible endogenous atypical PKC activity in
three-dimensional organoids. Taken together, ExRai-CKAR2 is a powerful
tool for interrogating PKC regulation in response to physiological stimuli.

The protein kinase C (PKC) family of enzymes has critical rolesin regu-
lating myriad cellular processes, including cell growth, differentia-
tion and death. Aberrant PKC signaling drives many diseases, such as
cancer, diabetes and neurodegeneration'™. Loss-of-function (LOF)
PKC mutations"?, including LOF fusion oncoproteins’, are frequently
associated with cancer. Various PKC isoforms also have critical roles
in synaptic plasticity, with isoform-selective knockout mice showing
major neurological deficits®”. On the other hand, elevated PKCa activity
islinked toimpaired cognitive functioninan Alzheimer’s disease mouse
model*. Thus, cells must be able to precisely balance PKC activity levels,
as either too little or too much PKC activity can trigger pathological
states. Targeting specific PKC isoforms and their aberrant functions
could, thus, unlock new therapeutic directions®.

The nine PKC isoforms comprise three families: conventional
PKC (cPKC), novel PKC (nPKC) and atypical PKC (aPKC). cPKCisoforms
are activated by the binding of both Ca*" and diacylglycerol (DAG),

whereas nPKCs are activated by DAG alone, as their C2 domains lack
Ca*"-coordinating residues, while their C1 domains exhibit higher
DAG affinity’. aPKCs show the greatest divergence, not only lacking
functional C1 domains but also substituting their C2 domains for PB1
domains that mediate interactions with specific scaffold proteins to
induce kinase activation'. In cells, PKC activity is tightly regulated at
different subcellular locations through the interplay of second mes-
sengers, scaffold proteins, upstream kinases and phosphatases. In the
traditional model, activation of Go,-protein-coupled receptorsinduces
plasmamembrane (PM) phospholipase C (PLC) activity, triggering the
production of DAG and inositol trisphosphate, the latter of which fur-
ther evokes Ca* release from the endoplasmic reticulum (ER). Binding
of Ca*" and/or DAG recruits both cPKCs and nPKCs to the PM, the strong-
est site of cPKC activation™**. However, emerging evidence suggests
that PKCs are active at other subcellular locations, such as the Golgi"
and nucleus”, and that PKCs can impact biological functions at other
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subcellular organelles. Forinstance, ER stress'*"” and the accumulation

of lipids at the ER were each shown to activate PKC'®, PKCis also impli-
cated inlysosome biogenesis'>*. Yet, it remains unclear how PKCs are
regulated at the ER or lysosome. aPKCs are also essential in regulating
epithelial cell polarity and tumor epithelial-mesenchymal transition
(EMT)**%, The partitioning defective 3 (Par3)-Par6-aPKC complex
promotes tight junction and apical domain formation by phosphorylat-
ing and excluding various targets from the apical domain®***. However,
theactivity dynamics and regulation of aPKC at Par complexes during
polarity formation remain elusive, especially in three-dimensional (3D)
cultures, hindered by alack of appropriate tools'***%,

Genetically encoded fluorescent biosensors are powerful tools
to monitor kinase activities and small-molecule dynamics, among
various cellular events, in situ. Such biosensors have previously been
used to study PKC activity in living cells, understand kinase struc-
ture-functionrelationships and interrogate PKC regulation in various
diseases®*?. The first Férster resonance energy transfer (FRET)-based
C kinase activity reporter (CKAR) was developed about two decades
ago, comprising a PKC-specific substrate peptide and phosphoamino
acid-binding FHA2 domain as the sensing unit sandwiched between a
cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP)
FRET pair®®. CKAR has provided numerous insights into the regula-
tion of PKC isoforms at different subcellular organelles. For example,
Golgi-localized CKAR revealed sustained PKC activity by Ca**-induced
DAG synthesis at the Golgi". Similarly, isoform-specific CKARs illumi-
nated severallong-overlooked aspects of PKC isoform regulation, such
as Src kinase-controlled nuclear PKC8 activity” and agonist-evoked
aPKC activity*?*’. However, FRET-based biosensors are limited by their
small dynamic ranges™?, whereby minute activities, such as that of
endogenous aPKC in 3D cultures, have remained beyond the reach of
these tools™.

Building on a recently developed excitation ratiometric (ExRai)
KAR design®’~*?, we report a second-generation ExRai PKC activity
reporter (ExRai-CKAR2) that enables highly sensitive tracking of PKC
activity dynamics in living cells. We demonstrate the sensitivity and
utility of ExRai-CKAR2 by elucidating the regulation of PKC isoforms at
the ER and lysosome and by measuring endogenous, basal aPKC activ-
ity in polarized Madin-Darby canine kidney (MDCK) organoids and
lumenogenesis-related aPKC activity at the Par complex in HEK293T
organoids. Our results highlight the versatility of this robust biosensor
in deciphering the spatiotemporal regulation of PKC in highly physi-
ologically relevant settings.

Results

Development and characterization of ExRai-CKAR2

Our ExRai-KAR series consists of circularly permutated enhanced green
fluorescent protein (cpEGFP) sandwiched between a kinase-specific
substrate peptide and phosphoamino acid-binding FHA1 domain.
ExRai-KARs exhibit two excitation peaks, one at~400 nm and another
at~-509 nm, withadistinct shoulder at -480 nm, corresponding to the
neutral and anionic states of the GFP chromophore®, and asingle emis-
sion peak at~515 nm (ref. 34). Phosphorylation of the substrate peptide
by the target kinase triggers binding by the FHA1 domain, leading to
aconformational change thatincreases fluorescence emission by the
anionic species (for example, 480-nm excitation) and decreases fluo-
rescence emission by the neutral species (for example, 400-nm excita-
tion) (Fig.1a). Theratio of fluorescence intensity at these two excitation
wavelengths (thatis, the 480/400 excitation ratio) serves as areadout
of kinase activity. Previously, we succeeded in generating an ExRai PKC
sensor, ExRai-CKAR, by incorporating an established PKC-specific sub-
strate peptideinto this design®*. Toimprove ExRai-CKAR performance,
we took advantage of our recent success optimizing ExRai-KARs* >
and substituted the two residuesimmediately preceding and following
cpEGFP in ExRai-CKAR. We tested several linker variants in HeLa cells
stimulated with phorbol 12-myristate 13-acetate (PMA) to identify a

sensor with an increased PKC-stimulated change in excitation ratio
(Supplementary Fig.1a). Of the biosensors tested, the variant with the
linker pair SY-IS showed the largest response (Supplementary Fig. 1b)
and was designated ExRai-CKAR2 (Fig. 1a).

Asexpected, purified ExRai-CKAR2 protein displayed two excita-
tion maxima atapproximately400 nmand 500 nminvitro, withasingle
emission peak at 516 nm (Fig. 1b). In vitro phosphorylation by PKCain
the presence of adenosine triphosphate (ATP) decreased the intensity
at 405-nm excitation by 38% and increased the intensity at 480-nm
excitation by 328% versus conditions of no ATP and no Ca*, resulting
ina333% + 9% (Supplementary Table1) increase in the 480/405 excita-
tionratio ((R.—R.)/R.).

In Cos7 cells, ExRai-CKAR2 showed a 289% +12% increase in the
480/405 excitation ratio (AR/R,, mean £ s.e.m., n = 35 cells) upon
PMA stimulation (Fig. 1c-e), a significant enhancement versus both
the 46% + 5% emission ratio change from the second-generation
FRET-based sensor CKAR2 (n=20)* and the 72% + 1% (n = 27) change
in excitation ratio from ExRai-CKARI (ref. 34) (Fig. 1e,f). The slightly
reduced amplitude versus the in vitro response might be because of
intracellular phosphatase activity®. Indeed, treating cells with caly-
culin A to suppress phosphatase activity following PMA stimulation
increased the ExRai-CKAR2 response to 429% +18% (AR/R,, n = 26;
Supplementary Fig. 2). The addition of G66983, a potent pan-PKC
inhibitor, reversed the PMA-induced responses to the baseline level
(Fig. 1c,d), confirming the reversibility of the sensor. Meanwhile, a
nonphosphorylatable mutant sensor (ExRai-CKAR2 T/A) showed no
response in Cos7 cells treated with PMA and G66983 (Fig. 1¢,d and
Supplementary Fig. 3). ExRai-CKAR2 also did not respond to activa-
tion of other AGC family kinases, as neither activation of PKA using
forskolin and 3-isobutyl-1-methylxanthine nor stimulation of Akt activ-
ity using platelet-derived growth factor in the presence of the PKC
inhibitor G66983 evoked a detectable ExRai-CKAR2 ratio change (Sup-
plementary Fig. 4a,b)***%*, Stimulating extracellular signal-regulated
kinase (ERK) activity using epidermal growth factor or adenosine
monophsophate-activated kinase activity using 2-deoxyglucose simi-
larly failed to evoke detectable ExRai-CKAR2 responses (Supplemen-
tary Fig. 4¢,d), confirming that ExRai-CKAR2 specifically reports PKC
activity. Compared to CKAR2 and ExRai-CKAR1, ExRai-CKAR2 showed
abroader PMA dose-response curve (Supplementary Fig. 5), respond-
ing to PMA doses as low as 0.1 ng ml™ (equivalent to 0.2% maximum
stimulation) at endogenous PKC expression levels in Cos7 cells with
a2.8% + 0.5% ratio change (n =33), whereas ExRai-CKAR1 and CKAR2
onlystarted responding at doses above 0.5and 5 ng ml™, respectively
(Supplementary Fig. 5), suggesting 5-50-fold higher sensitivity with
ExRai-CKAR2. The improved sensitivity and broad response curve
allowed us to detect both subtle and strong PKC activities. Overall,
ExRai-CKAR2 exhibited high selectivity, sensitivity and dynamic range.

Sensitive detection of compartmentalized PKC activity
PKC is present not only at the PM but also at various subcellular loca-
tions. Yet, the regulation of different PKC isoforms at several emerg-
ing subcellular locations is not well understood. To enable sensitive
detection of subcellular PKC activity, we targeted ExRai-CKAR2 to
specific subcellular regions using established targeting motifs (Fig. 2
and Supplementary Fig. 6): anuclear export signal (NES) for cytosolic
targeting (Cyto-ExRai-CKAR?2), alipid modification motif derived from
Lyn kinase (Lyn) for PM targeting (PM-ExRai-CKAR2), a cytochrome
P450 (CYP450)-derived sequence for ER targeting (ER-ExRai-CKAR2)
and adomainderived from full-length lysosome-associated membrane
protein1(LAMP1) for lysosomal targeting® (Lyso-ExRai-CKAR2).
Upon PMA stimulation, Cyto-ExRai-CKAR2 and PM-ExRai-CKAR2
reported 290% +15% (Fig. 2a; n=27) and 144% + 16% (Fig. 2b; n=27)
increases in the 480/405 excitation ratio in the cytosol and at the PM,
respectively, consistent with well-characterized PKC activity at these
locations. Conversely, no response was detected using ExRai-CKAR2
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Fig.1|Development and characterization of ExRai-CKAR2. a, Top, modulation
of cpEGFP fluorescence by a molecular switch dependent on PKC-mediated
phosphorylation. Bottom, domain structure of ExRai-CKAR2. b, Representative
invitro ExRai-CKAR2 fluorescence spectra collected at 530-nm emission (i)

and 405-nm (ii) or 480-nm excitation (iii) without (black traces) or with (green
traces) ATP, Ca® and lipids in the presence of purified PKCa (n = 3independent
experiments). AU, arbitrary units. ¢, Representative images of ExRai-CKAR2
fluorescence in Cos7 cells at 480-nm (Ex480, top) and 405-nm (Ex405, middle)
excitation. Bottom, pseudocolored images of the change in excitation ratio
upon PMA stimulation and G66983 inhibition. Warmer colors indicate higher
ratios. The solid arrowhead indicates PMA addition and the hollow arrowhead
indicates G66983 addition. Images are representative of three independent

experiments. Scale bar, 10 um. d, Representative average time courses showing
the 480/405 excitation ratio responses of wild-type (WT) ExRai-CKAR2 and a
nonphosphorylatable ExRai-CKAR2 T/A mutant in Cos7 cells treated with PMA
and G66983. e, Representative average time courses comparing the 480/405
excitation ratio or Y/C emission ratio responses of ExRai-CKAR2, ExRai-CKAR1
or CKAR2in Cos7 cells treated with 50 ng mI” PMA. f, Quantification of the
maximum PMA-stimulated response of each biosensor (n =35,n=27,n=20and
n=22cells fromthreeindependent experiments each). Time coursesind,e are
representative of three independent experiments; solid lines indicate mean
responses and shaded areas indicate the s.e.m. Data in fwere analyzed using
ordinary one-way ANOVA followed by Dunnett’s multiple-comparison test.
****P<(0.0001. Dataare the mean +s.e.m.

T/A targeted to either location (Fig. 2a,b). ER-ExRai-CKAR2 and
Lyso-ExRai-CKAR2 also revealed PMA-induced PKC activity at the ER
and lysosome membranes, two previously underappreciated sites of
PKCssignaling. ER-ExRai-CKAR2 responded to PMA stimulation with a
234% + 22% (n=39) increase in the 480/405 excitation ratio, whereas
the T/A mutant showed no PMA-induced response (Fig. 2c). Similarly,
Lyso-ExRai-CKAR2 exhibited a 178% + 12% increase in excitation ratio
upon PMA stimulation (n=33), whereas no response was detected
using the T/A mutant sensor (Fig. 2d). In summary, ExRai-CKAR2 ena-
bles sensitive and robust detection of PKC activity at various subcel-
lular locations.

PKCregulation at the ER and lysosome

Although traditionally regarded as organelles dedicated to oversee-
ing protein trafficking, quality control and degradation, the ER and
lysosome have emerged as key intracellular signaling hubs** %, The ER
and lysosomal PKC activities detected using targeted ExRai-CKAR2 are
consistent with past reportsthat PKCa accumulates onthe ER surface
upon phorbol ester activationin3T3 cells* and that PKC contributes to
lysosome biogenesis, with PMA stimulationinducing PKClocalization
tolysosomes'. However, the regulation of PKC activity at these sites in
response to physiological signals has not been explored. We, therefore,
set out to investigate ER and lysosomal PKC regulation in response to

uridine triphosphate (UTP) stimulation of the Ga,-protein-coupled
P2Y receptor.

As shown in Fig. 3a, UTP stimulation of ER-ExRai-CKAR2-
expressing or Lyso-ExRai-CKAR2-expressing Cos7 cellsinduced clear
elevations in PKC activity, with a 21% + 2% increase in excitation ratio
from ER-ExRai-CKAR2 (n=36) and a 40% + 2% increase in excitation
ratio fromLyso-ExRai-CKAR2 (n = 36). We next assessed the dynamics of
agonist-induced PKC activity at these two locations by quantifying the
fractional sensor response remaining 15 min after stimulation versus
the maximum response (that is, sustained activity metric at 15 min
(SAM15))***, Interestingly, UTPinduced sustained PKC activity atboth
locations, with SAM15 values of 0.65 + 0.02 at the ERand 0.92 + 0.05 at
the lysosome (Fig. 3a). By contrast, UTP stimulation induced a sharp
75% + 3% (n=25) increase in excitation ratio from PM-ExRai-CKAR2,
which quickly reversed, showing a SAM15 value of 0.06 + 0.05 (Fig. 3a),
consistent with previous findings that Ga, signaling mediates rapid,
transient PKC activity at the PM". Notably, treatment with the pan-PKC
inhibitor G66983 following UTP stimulation only partly reversed the
ER-ExRai-CKAR2 response compared to Lyso-ExRai-CKAR2 (Supple-
mentary Fig. 7a,b). This effect was recapitulated using FRET-based
ER-CKAR2 (Supplementary Fig. 7c) and was rescued in cells overex-
pressing protein phosphatase 2A (Supplementary Fig. 7d), suggesting
that alower level of phosphatase activity at the ER was responsible.
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Fig.2|Subcellular targeting of ExRai-CKAR2. a-d, Domain structures (top),
average 480/405 excitation ratio time courses (bottom left), quantification of
maximum response (bottom middle) and representative images (bottom right)
of ExRai-CKAR2 and ExRai-CKAR2 T/A negative control targeted to the cytoplasm
(a; WT,n=27cells; T/A,n=30cells), PM (b; WT, n = 27 cells; T/A,n=30 cells), ER
(c; WT,n=39 cells; T/A, n =30 cells) and lysosomes (d, WT, n =33 cells;
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T/A, n=30 cells) in Cos7 cells stimulated with 50 ng mI™ PMA. Scale bars, 10 um.
Time courses are representative of three independent experiments; solid lines
indicate mean responses and shaded areas indicate the s.e.m. Statistical analyses
were performed using a two-sided Student’s ¢-test. ****P < 0.0001. Data are the
mean s.e.m.

We then investigated the contribution of different PKC isoforms
to these ER and lysosome PKC activity signatures. Pretreating Cos7
cellswith1 pM G66976, a cPKC-specificinhibitor, before UTP addition
greatly reduced the response from ER-ExRai-CKAR2 to 4.7% + 0.4%
(Fig. 3b,d; n =34), suggesting that cPKC accounts for roughly three
quarters of the receptor-mediated ER PKC response. Conversely, an
nPKC inhibitor, B106, showed no effect on UTP-stimulated ER PKC
activity (Fig.3c,d). PKCa and PKCp are the two cPKC isoforms presentin
Cos7 cells****, Smallinterfering RNA (siRNA) knockdown of individual
isoforms revealed PKCa as the dominant ER isoform, as PKCa knock-
down suppressed roughly 84% of the UTP-stimulated ER-ExRai-CKAR2
response, whichdropped to 3.4% + 0.3% (Fig. 3e; n = 24), whereas PKC[3
knockdown decreased the response by only 60% to 9% + 1% (Fig. 3e
and Supplementary Fig. 8; n=19). Moreover, overexpressing PKCa
increased the UTP-stimulated ER-ExRai-CKAR2 response to 39% + 3%
(Fig. 3b,d; n=32). Consistent with these observations, we found that
Ca”" was essential but not sufficient for ER PKC activity (Supplementary
Fig.9), as cPKC activation requires both Ca*" and DAG.

In contrast, G66976 pretreatment had no effect on the maximum
UTP-stimulated Lyso-ExRai-CKAR2 response, yielding a 43% + 2%
change in ratio similar to control cells (Fig. 3f,h; n=37). Instead, pre-
treatment with 5 uM B106, an nPKC-specific inhibitor designed for

PKCS& (ref. 45), significantly decreased the UTP-induced lysosomal
PKC activity reported by Lyso-ExRai-CKAR2t010.1% + 0.8% (Fig. 3g,h;
n=24), suggesting a more critical role for nPKC in controlling PKC
activity at the lysosome. Consistently, siRNA knockdown of PKC& sig-
nificantly decreased the UTP-stimulated Lyso-ExRai-CKAR2 response
to 7% + 1% (Fig. 3i and Supplementary Fig. 10; n=19), whereas overex-
pressing PKCG strongly increased the UTP-stimulated response from
Lyso-ExRai-CKAR2to 61% + 3% (Fig.3g,h; n=28). These results suggest
that UTP stimulation activates PKC8, a major nPKC isoform, on the
lysosome surface.

Lysosomal DAG is critical for PKC activity at the lysosome

nPKCs are solely dependent on DAG for activation. We hypothesized
that the lysosomal PKCS activity demonstrated here is dependent
on DAG on the lysosomal membrane. However, DAG has not been
previously shown to accumulate on lysosome membranes. To test
our hypothesis, we generated a lysosome-targeted DAG biosensor to
directly probe DAG dynamics at this location. Starting with the exist-
ing PM-targeted DAG biosensor Digda*®, we replaced the C-terminal
PM-targeting motif with the LAMP1 motif for lysosomal targeting and
used the enhanced CFP Cerulean as the FRET donor (Supplementary
Fig.11a). The resulting Lyso-Digda sensor colocalized with LysoTracker
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Fig.3|PKCregulation at the ER and lysosome. a, Representative average
480/405 excitation ratio time courses (hereafter, ‘time courses’) from UTP

(100 pM)-stimulated Cos7 cells expressing PM-ExRai-CKAR2 (n =10 cells),
ER-ExRai-CKAR2 (n =15 cells) or Lyso-ExRai-CKAR2 (n = 16 cells). Maximum
responses (AR/R,) and SAM15 quantified fromn =25,n =36 and n=36 cells.

b,c, ER-ExRai-CKAR2 response time courses from Cos7 cells without (Ctrl, n =10
cells) or with (G66976, n =12 cells) 30-min G66976 preincubation or coexpressing
PKCa-mCherry (PKCa, n = 14 cells) stimulated with UTP (b) or with 5 pM B106
followed by UTP (c; n =15 cells). d, Maximum responses quantified fromn = 36
(Ctrl),n=34(G66976), n =23 (B106) and n = 32 (PKCa) cells. e, ER-ExRai-CKAR2
response time courses from UTP-stimulated Cos7 cells cotransfected with
control siRNA (scramble, n =18 cells), PKCa siRNA (n =15 cells) or PKC3 siRNA
(n=9 cells). Maximum responses quantified from n = 28 (siRNA-ctrl), n = 24
(siRNAa) and n =19 (siRNAp) cells. f,g, Lyso-ExRai-CKAR2 response time courses

from Cos7 cells pretreated with G66976 (1 uM) followed by UTP (f; n =16 cells) or
without (Ctrl, n =12 cells) or with 30-min B106 pretreatment (B106, n = 9 cells)
or coexpressing PKCS-mCherry (g; PKC8, n =12 cells). h, Maximum responses
quantified fromn =36 (Ctrl), n =37 (G66976), n = 21 (B106) and n = 28 (PKCS)
cells. i, Lyso-ExRai-CKAR2 response time courses from UTP-stimulated Cos7 cells
cotransfected with control siRNA (scramble, n =16 cells) or PKCS siRNA (n =12
cells). Maximum responses quantified from n = 29 (siRNA-ctrl), n =19 (siRNAS)
and n =24 (B106) cells. Time courses are representative of three independent
experiments; solid lines indicate mean responses and shaded areas indicate

the s.e.m. Maximum responses and SAM15 levels were quantified from three
independent experiments; data are the mean + s.e.m. ***P < 0.0001. Data

were analyzed using ordinary one-way ANOVA followed by Dunnett’s multiple-
comparison test.

Red-positive puncta in Cos7 cells, with a Pearson’s coefficient of
0.77 £ 0.05 (Supplementary Fig. 11b), and showed a 21% + 1% yellow/cyan
(Y/C) emission ratio increase upon treatment with the phorbol ester
phorbol12,13-dibutyrate (PDBu) (Supplementary Fig.11c; n = 35). Stim-
ulating Lyso-Digda-expressing Cos7 cellswithUTPledtoa9.4% + 0.6%
emissionratioincrease (Supplementary Fig.11c; n=35), suggesting that
UTP induces DAG synthesis on the lysosomal membrane.

To determine whether lysosomal DAG is required for lysoso-
mal PKC activity, we sought to selectively alter DAG levels on the
lysosome membrane by targeted biochemical perturbation®*’. DAG
kinase ¢ (DGKJQ) catalyzes the conversion of DAG to phosphatidic
acid and should be able to deplete basal DAG levels and suppress
receptor-stimulated DAG accumulation at target sites (Fig. 4a). Indeed,
when we targeted mRuby2-fused DGKC to the lysosome using LAMP1
(Lyso-DGK), we recorded a significantly reduced Lyso-Digda basal emis-
sionratio of 0.48 £ 0.09 in Lyso-DGK-coexpressing cells versus 0.6 + 0.1
in control cells (Fig. 4a), suggesting that DAG basally accumulates on
the lysosomal membrane. Lyso-DGK also blocked the UTP-induced
Lyso-Digda response, yielding a 0.7% + 0.3% change in Y/C emission
ratio (Supplementary Fig.11d,e; n =32). On the other hand, treatment
with the nondegradable PDBuincreased the Lyso-Digda emission ratio
t00.7 + 0.1inboth the presence and the absence of Lyso-DGK (Fig. 4a),
suggesting that Lyso-Digda can measure both basal and stimulated

DAG levels at the lysosome and that Lyso-DGK is effective in depleting
lysosomal DAG.

The basal accumulation of DAG prompted us to investigate
whether lysosomal nPKC is also basally active. Indeed, B106 addition
induced a 28% + 2% decrease in excitation ratio on its own (Fig. 4b,d;
n=238), while neither Lyso-ExRai-CKAR2 T/A nor the cPKC inhibitor
G066976 showed an observable effect, with changes in excitation
ratio of 1.7% + 0.7% and -0.2% + 0.5%, respectively (Fig. 4b-d; n=35
and 34), suggesting the presence of basal PKC activity on the lyso-
some. Overexpressing PKCS also increased this basal lysosomal PKC
activity, with B106 inducing a49% + 2% decrease in Lyso-ExRai-CKAR2
signal (Fig. 4b,d; n =22). Consistent with the observed effect on lyso-
somal DAG, we found that Lyso-DGK coexpression suppressed both
the UTP-stimulated increase and the B106-induced decrease in the
Lyso-ExRai-CKAR2 excitation ratio to 10% + 1% (Fig. 4e; n=22) and
1.3% + 0.8% (Fig. 4f; n = 44), respectively. These data support our model
that lysosomal PKC activity is dependent on lysosomal DAG, which is
both basally present and dynamically produced in response to UTP
(Supplementary Fig.12).

Interestingly, thapsigargin (TG) alone induced a robust 37% + 2%
increase in the Lyso-ExRai-CKAR2 excitation ratio (Fig. 4g; n=30),
suggesting that elevated Ca*" is sufficient for lysosomal PKC activity.
This effect was not associated with increased lysosomal DAG levels,
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Fig. 4 | Lysosomal DAG is critical for lysosomal PKC activity. a, Detection and
depletion of lysosomal DAG by Lyso-Digda and Lyso-DGK, respectively. Raw Y/C
emission ratios from Lyso-Digda-expressing Cos7 cells with or without PDBu
stimulation or Lyso-DGK coexpression (n = 24 cells each from three independent
experiments; P=0.0028, -Lyso-DGK/-PDBu versus —Lyso-DGK/+PDBu;
P=0.0004, -Lyso-DGK/-PDBu versus +Lyso-DGK/-PDBu). b, Representative
average 480/405 excitation ratios time courses (hereafter, ‘time courses’) in
Cos7 cells expressing Lyso-ExRai-CKAR2 (WT, n = 18 cells), Lyso-ExRai-CKAR2
T/A (T/A, n=16 cells) or Lyso-ExRai-CKAR2 and PKC& (+PKC8, n =12 cells) treated
with 5 uM B106. ¢, Lyso-ExRai-CKAR2 response time courses in Cos7 cells treated
with B106 (B106, n =18 cells) or 1 pM G66976 (G66976, n =14 cells). d, Maximum
responses quantified fromn=38 (WT), n=22 (WT + PKC8), n=35(T/A)and n=34
(G66976) cells. e, Lyso-ExRai-CKAR2 response time courses from UTP (100 pM)-
stimulated Cos7 cells without (-Lyso-DGK, n =17 cells) or with (+Lyso-DGK, n =10
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cells) Lyso-DGK coexpression. Maximum responses quantified fromn =36 and
n=22cells. f,Lyso-ExRai-CKAR2 response time courses from Cos7 cells without
(-Lyso-DGK, n =18 cells) or with Lyso-DGK (+Lyso-DGK, n = 20 cells) coexpression
and treated with B106. Maximum responses quantified fromn =38 and n =44
cells. g, Lyso-ExRai-CKAR2 response time courses in TG-stimulated Cos7 cells
without (-Lyso-DGK, n =10 cells) or with Lyso-DGK (+Lyso-DGK, n = 9 cells)
coexpression or with30-min G66976 (G66976, n =11 cells) pretreatment (TG).
Maximum responses quantified from n = 30 (-Lyso-DGK), n = 23 (+Lyso-DGK)
and n =24 (G66976) cells. Time courses are representative of three independent
experiments; solid lines indicate mean responses and shaded areas indicate

the s.e.m. Quantifications are from three independent experiments; data show
the mean + s.e.m.***P < 0.0001. Data were analyzed using ordinary one-way
ANOVA followed by Tukey’s multiple-comparisons test (a) or Dunnett’s multiple-
comparison test (c,d,g) or using a two-sided Student’s t-test (e, f).

as Lyso-Digda showed only a 0.6% * 0.5% change in Y/C emission ratio
upon TG stimulation (Supplementary Fig.11d,e; n = 21). However, basal
DAG enrichment on the lysosome membrane appeared to be critical for
this Ca*-induced lysosomal PKC activity, as overexpressing Lyso-DGK
completely suppressed the TG-stimulated Lyso-ExRai-CKAR2 response
t00.1% £ 0.9% (Fig.4g; n = 23). Given that nPKCs are not directly respon-
sive to Ca*", our data suggest that cPKC may also have a critical role in
mediating lysosomal PKC activity. Indeed, pretreating cells with the
cPKC-selective inhibitor G66976 significantly reduced the TG-induced
Lyso-ExRai-CKAR2 response to11% + 1% versus no pretreatment (Fig. 4g;
n=24).Takentogether, our datashow that PKC exhibits complex sub-
cellular regulation that is dependent on subcellular localization and
stoichiometry of isoforms, as well as basal levels and spatiotemporal
dynamics of second messengers.

aPKCregulationin polarized or lumenized 3D organoid
models

aPKCs are unique among PKC isoforms in that they are activated by
neither DAG nor Ca* but rather through binding to scaffold proteins.
Binding of aPKC with a scaffold protein relieves autoinhibition by
removing the pseudosubstrate from the substrate-binding cavity'®*%.
For example, a major aPKC isoform, PKC{, adopts and maintains
an open, active conformation through interactions with the cell

polarity-associated protein Par6. The PKC{-containing Par complex
is an essential regulator of apical-basal polarity in epithelial cells®.
aPKCregulates apical domain formation by phosphorylating and con-
trolling various targets in specific cell domains, such as apical versus
basal domains*?*. Loss of apical-basal polarity has been shown to
downregulate PKC{-mediated phosphorylation of SNAI1 to promote
EMT?. Directinterrogation of aPKC activity during epithelial polariza-
tionshould, thus, provide critical insights into molecular and cellular
processesinvolved in cancer metastasis. However, the modest activity
of aPKC complicates efforts to directly measure endogenous aPKC
activity in living cells.

Therefore, we tested the capability of ExRai-CKAR2 to detect aPKC
activity by co-overexpressing an N-terminally truncated, constitu-
tively active aPKCisoform, PKMC, with ExRai-CKAR2 or ExRai-CKAR2
T/AinHelLa cells. To visualize basal aPKC activity, we directly treated
these cells with the aPKC-selective inhibitor pz09 (ref. 49) and quan-
tified the subsequent decrease in biosensor signal. Upon pz09 treat-
ment, ExRai-CKAR2 showed a 28.2% + 0.9% decrease in excitation
ratio (Fig. 5a,c; n =24), whereas ExRai-CKAR2 T/A showed a change
of only 0.1% + 0.1% (Fig. 5b,c; n = 28). Strikingly, in the absence of
PKMC overexpression, ExRai-CKAR2-showed a12.4% + 0.9% decrease
in excitation ratio in HelLa cells treated with 5 pM pz09, demonstrat-
ing robust detection of endogenous aPKC activity (Fig. 5b,c; n=24),

Nature Chemical Biology


http://www.nature.com/naturechemicalbiology

Article

https://doi.org/10.1038/s41589-024-01758-3

a b
pz09 pz09 _kkkk
11 0.4 *kkk kkkk
53 o -
Qo kel T/A+PKM R °
=3 = 0.3
T 10 4 1.0 T 10 - = rxxk %
. : <
] | g 02 °
8 8 09 g
Y s % 01
e ExRai- @ 2
Y 09 CKAR2} 0.9 Y 08 WT+PKM 0
£ £
[¢] [}
b =2
e 07 4
0 5 10 15 0 5 10 15 &
) . ) . <
Time (min) Time (min)
d e
203 0.2 1 *kxk
4
o
S 10 A T/A
S o
. x
% o
o S o1
g -
S £
< wWT cE’é
£ 01
5 094
=z
T T T 1
0 5 10 15 R\
QA
0.35 W W 0.60 Time (min)

Fig. 5| ExRai-CKAR2 reports endogenous aPKC activity in organoids.

a, Representative average 480/405 excitation ratio time courses (hereafter,

‘time courses’) or Y/C emission ratio responses in HeLa cells expressing ExRai-
CKAR2 (n =24 cells) or CKAR2 (n =20 cells), respectively, treated with 5 uM pz09.
b, Response time courses from HeLa cells coexpressing ExRai-CKAR2 (WT + PKM,
n=24cells) or ExRai-CKAR2 T/A (T/A + PKM, n = 28 cells), along with mCherry-
tagged constitutively active PKMC, and treated with 5 uM pz09. ¢, Maximum
responses quantified fromn=20,n=24,n=24and n=28cells. d, Representative
fluorescence and pseudocolor images of 3D-cultured MDCK organoids stably
expressing Cyto-ExRai-CKAR2. The pseudocolor images depict raw Cyto-ExRai-
CKAR2 excitation ratios (Ex480/405); warmer colors indicate higher ratios.

Scale bar, 20 pm. e, Response time courses from 3D-cultured MDCK organoids
expressing Cyto-ExRai-CKAR2 (WT, n =38 cells) or Cyto-ExRai-CKAR2 T/A

(T/A, n=40 cells) and treated with pz09. Right, maximum responses quantified
fromn=38andn=40cellsin four organoids. Time courses are representative
ofthree independent experiments; solid lines indicate mean responses and
shaded areas indicate the s.e.m. Quantifications are from three independent
experiments; data show the mean + s.e.m. Data were analyzed using ordinary
one-way ANOVA followed by Tukey’s multiple-comparisons test (c) or a two-sided
Student’s t-test (e). ****P < 0.0001.

whereas CKAR2, the best-performing FRET-based PKC sensor, failed
to capture endogenous basal aPKC activity, witha minimal 0.8% + 0.4%
changein Y/C emission ratio that was not significantly different from
baseline (Fig. 5a,c; n =20).

The ability of ExRai-CKAR2 to detect endogenous aPKC activity
opensthedoortostudying aPKC regulation under more physiological
conditions, such as during epithelial polarity formation. To explore
this possibility, we first tested Cyto-ExRai-CKAR2 during MDCK cell
polarization. Widely used to study epithelial polarity, MDCK cells can
form polarized epithelial organoids with intact apical-basal polar-
ity in 3D Matrigel culture. To validate our approach, we first treated
2D-cultured MDCK cells expressing Cyto-ExRai-CKAR2 with 5 puM
pz09 and observed a16% + 1% decrease in excitation ratio (Supple-
mentary Fig. 13; n =24), whereas cells expressing ExRai-CKAR2 T/A
showed no detectable response, with a change in excitation ratio
of only 0.7% + 0.3% (Supplementary Fig. 13; n=23). On the basis
of these results, we next generated MDCK cells stably expressing
Cyto-ExRai-CKAR2, which we cultured in 3D. After 9 days of growth
on Matrigel, MDCK cells developed into polarized organoids with

the signature hollow lumen structure (Fig. 5d). Confocal microscopy
of these polarized MDCK organoids revealed a robust 9.3% + 0.4%
decrease in the Cyto-ExRai-CKAR2 excitation ratio upon pz09 addi-
tion (n=38). Conversely, MDCK organoids generated from cells sta-
bly expressing Cyto-ExRai-CKAR2 T/A showed no response to pz09,
with a minimal change in excitation ratio of —0.3% + 0.5% (Fig. 5e and
Supplementary Fig. 14; n = 40). Thus, ExRai-CKAR2 enables direct,
real-time visualization of polarity-related endogenous aPKC activity
with single-cell resolutionina 3D culture model.

Although Cyto-ExRai-CKAR2 successfully reported aPKC activity
upon pz09 treatment, we sought to further enhance selectivity for aPKC
activity by targeting ExRai-CKAR2 directly to the Par complex. Previous
efforts using the PB1 domain of Par6 to target isoform-specificaCKAR
were unsuccessfulinlocalizing the biosensor to the Par complex, as the
signature punctate structures representing the Par complex were not
observed'***', We, therefore, tested directly tethering ExRai-CKAR2 to
full-length Paré (Fig. 6a). Initial tests incorporating short linkers of only
two or eight residues between Par6 and ExRai-CKAR2 resulted in poor
pz09-induced responses (Supplementary Fig. 15). We ultimately found
thatinserting a flexible, 49-aa linker between Par6 and ExRai-CKAR2
yielded a sensor with a robust response to pz09 addition. The result-
ing Par6-ExRai-CKAR2 sensor localized to punctate structures® when
expressed in HeLa cells and colocalized with other Par complex com-
ponents (namely, PKCC and Par3), showing Pearson’s coefficients of
0.93+0.05and 0.82 + 0.07, respectively (Supplementary Fig.16).

Par6-ExRai-CKAR2 showed a larger —19% + 1% change in exci-
tation ratio (Fig. 6b,d; n =32) than untargeted ExRai-CKAR2 upon
pz09 treatment, demonstrating enhanced sensitivity for detecting
endogenous aPKC activity, whereas Par6-ExRai-CKAR2 T/A showed
no response to pz09 treatment, with AR/R,=-0.5% + 0.5% (Fig. 6b,d;
n=25). Upon overexpression of constitutively active PKM, pz09
induced an even stronger 46% + 2% decrease in excitation ratio
(Fig. 6¢,d; n=28), whereas co-overexpressing Par3 did not affect
the sensor response, yielding a -17% + 1% change in excitation ratio
(Fig. 6¢,d; n=23). To rule out potential activation of aPKC by the tar-
geting motif, Par6, we compared this result to a variant containing a
Par6 A30D substitution that was shown to disrupt aPKC binding and
activation'. Par6-A30D-ExRai-CKAR2 showed a comparable response
to pz09 of -16% + 2% (Supplementary Fig. 17; n=18), suggesting
Par6-ExRai-CKAR2 does not artificially activate aPKC.

Strikingly, Par6-ExRai-CKAR2 also showed a significantly
smaller 47% + 5% change in excitation ratio in response to PMA
stimulation, which should induce full cPKC and nPKC activation,
compared to untagged ExRai-CKAR2 (Fig. 6e; n=20). To quantify
the selectivity of Par6-ExRai-CKAR2 toward aPKC over other PKC iso-
forms, we calculated the ratio of the pz09-induced (that is, aPKC)
response versus the PMA-induced (that is, pan-PKC) response. Com-
pared to Cyto-ExRai-CKAR2, which showed 4R,,,4o/ARpyus = 0.043,
Par6-ExRai-CKAR2 showed a marked tenfold greater selectivity toward
aPKC, with 4R, ,0o/ARpy, = 0.44, indicating areduced potential for inter-
ference fromother PKCisoformsinstudies of native aPKC regulation.

Par6-ExRai-CKAR2 serves as anideal tool to visualize aPKC regula-
tion at the Par complex. Melanoma cell adhesion molecule,amembrane
receptor endogenously expressed in HEK293 cells, has been shown
to mediate apical-basal polarity-driven lumenogenesis in HEK293
organoids®. Although Cdc42, an upstream regulator of Par6-aPKCin
polarity formation®’, was shown to be polarized in this lumenogenesis
model, aPKC activity has not been characterized. The two aPKC iso-
formsin human cells, PKC{and PKCt, have compensatory roles during
polarity formation?. Consistently, siRNA knockdown of either PKCt
or PKCTinHEK293T cells yielded similar changes in excitation ratio of
-10.5% +0.9% (n=18) or -8.0% = 0.6% (n =24) upon pz09 treatment,
whereas knocking down bothisoforms reduced the Par6-ExRai-CKAR2
response to—0.9% + 0.5% (n=19), indicating that basal aPKC activity was
completely abolished (Fig. 6f and Supplementary Fig. 18).
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Fig. 6 | Targeted biosensor reports aPKC activity in lumenogenesis.

a, Par6-ExRai-CKAR2 domain structure. b, Representative average time courses
of 480/405 excitation ratio (hereafter, ‘time courses’) in pz09-treated HEK293T
cells expressing ExRai-CKAR2 (n = 28 cells), Par6-ExRai-CKAR2 (n = 20 cells) or
Par6-ExRai-CKAR2 T/A (n =18 cells). ¢, Par6-ExRai-CKAR2 response time courses
from pz09-treated HEK293T cells coexpressing PKM{-mCherry (+PKM, n =28
cells) or Par3-mCherry (+Par3, n =30 cells). d, Maximum responses quantified
from n =35 (ExRai-CKAR2), n =32 (Par6-ExRai-CKAR2), n = 28 (PKMQ),n =23
(Par3) and n =25 (Par6-ExRai-CKAR2 T/A) cells. e, Response time courses

from PMA-stimulated HEK293T cells expressing ExRai-CKAR2 (n = 30 cells) or
Par6-ExRai-CKAR2 (n = 20 cells). Maximum responses quantified fromn =80
and n =32 cells. f, Par6-ExRai-CKAR2 response time courses from pz09-treated
HEK293T cells cotransfected with control siRNA (control) or siRNA against PKCt,
PKCCor both (dKD). Maximum responses quantified from n = 21 (siRNA control),
n=19 (dKD), n =18 (siRNA) and n = 24 (siRNAQ) cells. g, Representative images
showing Par6-ExRai-CKAR2-expressing HEK293T organoids under 405-nm or

EGFP (1-148) FHA1
pz09
f kKK
PMA Kkkk & 104 Fokkk
3.5+ 4.0 Ag 0.3 7 *kk*
& B
3.0 1 = 30 X < g
< i 0.2
25 - c 0 siRNAT % é o
£ 20 o
NG £ ® 8 g
201 E le) S 0149 &
x 10 © 0.9 £ 8
i 3 < < 9 8
15 = c X g
Par6- 0 5 = 0 %
10 7 targeted z
siRNA-Ctrl Q Q™A
ost+—r 1+ 5 o SRy
0o 5 10 15 & © 0 5 10 15 @V RS
Time (min) ] Time (min) &>
J
pz09
*kkk
- 04 EExk
; 2 2 10+ °
r c £ 034 @
- o4 e A = 20
% ] % aPkCdkD
e ¢ [to) e 027
Q 09 5
-pz09 Ratio|+pz09 Ratio| S £ 014
=5} % .
S 2
E o8 0 %
) SiRNA-Ctrl
z N
A e —] IQ’\S 8@
i 0 5 10 15 & ©
O W = 1.0 Time (min) S

488-nm excitation and excitation ratio response to pz09 (pseudocolor). Scale
bars, 20 pmand 10 pm (inset). h, Response time courses from pz09-treated
3D-cultured HEK293T organoids expressing Par6-ExRai-CKAR2 (n =20 cells)
or Par6-ExRai-CKAR2 T/A (n =15 cells). Maximum responses quantified from
n=20and n=25cellsinthree organoids each. i, Par6-ExRai-CKAR2 with aPKC
knockdown using siRNAs showing under 405-nm or 488-nm excitation and
excitation ratio response to pz09 (pseudocolor). Scale bar, 20 pm. j, Paré-
ExRai-CKAR2 response time courses from pz09-treated HEK293T organoids
coexpressing control siRNA or aPKC siRNA. Maximum responses quantified
fromn=29 (WT) or n=28(dKD) cells from three organoids. Time courses are
representative of three independent experiments; solid lines indicate mean
responses and shaded areas indicate the s.e.m. Quantifications are from three
independent experiments; data show the mean + s.e.m. ***P < 0.0001. Data
were analyzed using ordinary one-way ANOVA followed by Tukey’s multiple-
comparisons test (d,f) or a two-sided Student’s t-test (e,h,j).

Using Par6-ExRai-CKAR2, we were then able to confirm that aPKC
is active during HEK293T lumenogenesis (Fig. 6g,h). In 3D-cultured
HEK293T cells transiently expressing Par6-ExRai-CKAR2, pz09 addi-
tion induced a 14.1% + 0.3% decrease in excitation ratio (Fig. 6g,h;
n=20), whereas ExRai-CKAR2 T/A showed no response (Fig. 6h and
Supplementary Fig. 19). Dual knockdown of PKC{ and PKCt not only
abolished basal aPKC activity, with the sensor showing a response of
only-0.7% + 0.2% (n = 28) versus —24.3% + 0.8% (n = 29) for the control,
but also disrupted lumen formation (Fig. 6i,j), suggesting that aPKC
activityisindispensable for lumenogenesis. Together, these data dem-
onstrate the potential for ExRai-CKAR2, particularly the Par-targeted
variant, to promote our understanding of aPKC regulation during
polarity and lumen formation.

Discussion

Genetically encoded fluorescent KARs are increasingly relied on to
study the spatiotemporal regulation of signaling pathways in vari-
ous settings, necessitating more extensive expansion of their versa-
tility and advancement of their performance. Here, we introduced

ExRai-CKAR2, the most sensitive PKC activity reporter thus far, with
aroughly 57-fold higher dynamic range compared to CKARI (ref. 28),
6-fold higher dynamic range compared to CKAR2 (ref. 35) and 4-fold
higher dynamic range compared to ExRai-CKARLI (ref. 34). In terms of
signal-to-noiseratio (SNR), calculated by dividing the response ampli-
tude by thes.d. of the baseline signal****¢, ExRai-CKAR2 showed an SNR
0f2.89/0.021 =137.6 versus 0.72/0.018 = 40 for ExRai-CKARI, similarly
demonstrating a >3-fold performance improvement.

Subcellularly targeted ExRai-CKAR2s also exhibited roughly
20-150-fold higher PMA-induced responses compared to previous-
generation targeted CKARs". The different PMA-stimulated maximum
response amplitudes exhibited by subcellularly targeted ExRai-CKAR2s
most likely stem from differences in basal PKC activity and local phos-
phatase activity at different locations. Indeed, differences in PM and
cytosolic CKAR responses to phorbol ester were previously shown
to originate from the different basal and phosphatase-suppressed
PKC activities at these locations”, with basal, stimulated and
phosphatase-suppressed PKC activities adding up to similar levels. In
addition, local steric hinderance may restrict conformational changes
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in subcellularly targeted biosensors, resulting in smaller dynamic
ranges. Similar effects were seen in other targeted biosensors, such
as ExRai-AKAR targeted to the PM or other subcellular locations™.

Nevertheless, the robust performance of ExRai-CKAR2 enables
us to detect subtle PKC activity changes under physiological stimula-
tion at different subcellular locations and to monitor endogenous
aPKC activity in organoid models, which posed a challenge to previ-
ous PKC activity biosensors. By tuning the spacer length between
the Par6-targeting domain and ExRai-CKAR2, we were able to obtain
Par6-targeted biosensors that retain similar dynamic ranges as the
untargeted sensor (Fig. 6d), empowering our efforts to dissect spati-
otemporal PKC regulation. Future engineering will focus on generating
isoform-specific biosensors and further increasing dynamic range.
Overall, ExRai-CKAR2 represents notable progress in detecting subcel-
lular PKC activity with high sensitivity and facilitates robust visualiza-
tion of subtle PKC signaling dynamics with subcellular precision, even
in3D cultures.

PKC isoforms exhibit different, sometimes opposing, functions
under various physiological and pathological conditions, including
cancer development”. This phenomenon has previously been attrib-
uted to cancer-specific or cell-type-specific differences****%, Using
subcellularly targeted ExRai-CKAR2, we discovered that different PKC
isoforms exhibit distinct spatial signatures. Although we detected PKC
activityatthe ER and lysosomes upon GPCR activation by UTP, we found
that cPKCs were the primary contributor to ER-localized PKC activity,
whereas nPKCs were the dominantisoform responsible for lysosomal
PKC activity. Thus, PKC isoforms may drive specific functional effects
by forming spatially distinct signaling territories.

The ability to sensitively detect subcellular PKC activities also
enabled us tomore closely investigate their regulation. The dominant
role of cPKCin Ga-protein-stimulated PKC activity at the ER is consist-
ent with the activation of cPKC by Ca®* and DAG, as well as previously
observed localization of PKCa to the ER. Imaging and mass spectrom-
etry analyses®**° also indicated that DAG is enriched on ER membranes
in oocytes and muscle cells. Meanwhile, a principal role for nPKC in
lysosomal PKC activity is consistent with previous results showing the
lysosomallocalization of PKCS (ref. 61). Although PLC, which catalyzes
DAG production from phosphatidylinositol 4,5-bisphosphate, hasbeen
shown to localize to lysosomes and regulate lysosome stability®**,
few studies have directly investigated lysosomal DAG accumulation.
We discovered that DAG is not only present but also basally enriched
on lysosome membranes, supporting both basal nPKC activity and
Ca*-induced cPKC activation at this location, partially mirroring
Golgi PKC signaling™**. However, how Go,-protein-mediated signal-
inginduces lysosomal DAG elevations remains unclear. In contrast to
the Golgi, Ca®* did not directly induce lysosomal DAG synthesis, sug-
gesting that Ga-protein-mediated lysosomal DAG productionrequires
additional regulators. We recently showed that active GPCRs and Gai
atthe endosome are critical for GPCR-mediated ERK activation®. The
Go,-protein-coupled P2Y1purinergic receptor has alsobeen reported
to traffic from the PM to the lysosome membrane through lysosomal
sorting®. Similar effects were also observed for other Ga,-coupled
receptors, such as the & opioid receptor®. Ga,-coupled receptors
are also recycled through the endosome-lysosome pathway®®. We
speculate that the UTP receptor, also a P2Y-type purinergic recep-
tor, could traffic to the lysosome after UTP stimulation and stimu-
late DAG synthesis by lysosomal PLC. However, it remains to be seen
whether the UTP receptor remains active at this location to regulate
lysosomal PLC.

Given their ability to mimic complex organs, cultured organoids
are increasingly recognized as valuable in vitro models with huge
clinical potential®. The importance of Par-aPKC complexes in cell
polarity formationand EMT has been well documented in these models,
with more than half of all known polarity-regulating proteins identi-
fied as aPKC substrates?**. However, how aPKC is regulated by and

functionally integrates upstream signals in polarity formation is far
less understood. Biosensors are ideal tools for visualizing the regula-
tion and function of biochemical pathways in organoids’ but their
application has thus far been limited”. Responses from kinase trans-
locationreporters, which traffic from the nucleus to the cytosol upon
phosphorylation by specific kinases, are difficult to quantifyinsuch a
compactvolumes’’, whereas the modest dynamic ranges of FRET-based
biosensors such as CKAR2 limit their sensitivity in 3D cultures. Thus,
withits dramatically enhanced dynamicrange, ExRai-CKAR2 represents
afelicitous development in our efforts to provide a continuous and
quantifiable readout of endogenous aPKC activity in 3D culture. Using
ExRai-CKAR2, we were able to detect basal aPKC activity in polarized
and lumenized organoids, consistent with previous findings**%. aPKCs
are recruited to functionally distinct protein assemblies to drive cell
polarity but their exact spatiotemporal regulation is unclear®*”%, By
targeting ExRai-CKAR2 directly to Par6, we detected aPKC activity
specifically at the Par complex and found that aPKC activity isenriched
at this site, which is also shielded from cPKC and nPKC activities, an
illustration of signaling compartmentation. These tools could, there-
fore, benefitresearchin aPKCregulation asit cycles between functional
complexesin more complex systems, such as patient-derived organoid
models, using advanced organoid imaging technologies, including
lattice light-sheet microscopy.
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Methods

Materials

PMA (LC Labs, P-1680), PDBu (LC Labs, P-4833), G66983 (Millipore-
Sigma, G1918), G66976 (MilliporeSigma, 365250), BAPTA-AM (Life
Technologies, B6769), TG (Cayman Chemical, 10522), ionomycin (Mil-
liporeSigma, 407951), B106 (Axon, 2981, 98%) and pz09 (Reagency,
RNCYO0048) were reconstituted in DMSO (Sigma-Aldrich) as 1,000x
stock solutions. UTP (Alfa, >98%,)63427) was reconstituted in ultrapure
water (MilliQ). Lipofectamine 2000 (11668019) was purchased from
Thermo Fisher Scientific. LysoTracker Red (L7528) was purchased from
Thermo Fisher Scientific and diluted in DMSO.

Plasmids

All primers used for molecular cloning are listed in Supplementary
Table 2. To generate ExRai-CKAR linker variants, DNA fragments
encoding cpEGFP, FHAL and linkers were digested from pRRET-B
ExRai-AKAR linker variants*® with Sacl and EcoRI (Thermo Fisher
Scientific, FD1134 and FD0275, respectively) and then ligated into
aSacl + EcoRI-digested pRRET-B ExRai-CKAR1 backbone. pRSET-B
ExRai-CKAR linker variants were then subcloned into pcDNA3
using BamHI (Thermo Fisher Scientific, FD1464) and EcoRI diges-
tion. ExRai-CKAR2 T/A was generated by Gibson assembly using
NEBuilder HiFi DNA assembly kit (New England Biolabs E2621) and
primers 1-2. ExRai-CKAR2 receptors targeting the PM, ER and lyso-
some were made by subcloning a BamHI + EcoRI-digested fragment
encoding full-length ExRai-CKAR2 into BamHI + EcoRI-digested
pcDNA3 backbones containing the N-terminal 11 amino acids from
Lyn (MGCIKSKRKDK), the N-terminal 27 amino acids from CYP450
(MDPVVVLGLCLSCLLLLSLWKQSYGGG) or the targeted domain
derived from full-length LAMP1 (ref. 31). Cyto-ExRai-CKAR2 was
constructed by subcloning a BamHI + Xhol-digested fragment
into BamHI + Xhol-digested pcDNA3 containing a C-terminal NES
(LPPLERLTL). Par6-8aa-ExRai-CKAR2 was generated by Gibson assem-
bly of aPar6 fragment, PCR-amplified from pKMyc-Par6C (a gift from1.
Macara; Addgene, plasmid 15474)” using primers 3 and 4 to con-
tain BspEland BamHI restriction sites and a GGTAGTGCTGGT spacer
into Hindlll + BamHI-digested pcDNA3.1(+)-ExRai-CKAR2. A trun-
cated EV49 linker containing BspEl and BamHI flanking sequences
was PCR-amplified from EKAR4 (ref. 41) using primers 5 and 6 and
inserted into BspEl + BamHI-digested Par6-ExRai-CKAR2 to obtain
Par6-ExRai-CKAR2 with a 49-aa flexible linker. Lyso-DGK-mRuby2
was made by Gibson assembly of DNA fragments encoding DGK{
(agift from S. Gee; Addgene, plasmid 85454)”* and mRuby?2 (ref. 75)
and PCR-amplified using primers 7-10 into a BamHI + Xbal-digested
pcDNA3 backbone containing full-length LAMP1.

To make Lyso-Digda, the CFP of Digda was first replaced with
ddRFP* to reduce FP homology and facilitate further cloning. The
DNA encoding ddRFP was amplified by PCR using primers 11 and 12,
digested with EcoRI and Xhol and ligated into the Digda plasmid*
digested with the same enzymes. Then, the DNA fragment contain-
ing ddRFP-PKCb2C1-Venus-KRasCT and all ERK rigid linkers was
PCR-amplified using primers 13 and 14 to introduce a 3’ EcoRlI site.
A modified pcDNA3 backbone was PCR-amplified using primers 15
and 16 to remove the existing EcoRlI site add a new EcoRl restriction
site after Xbal. These two fragments were combined using Gibson
assembly to yield a modified ddRFP-PKCb2C1-Venus-KrasCT plas-
mid. The LAMP1-targeting domain was PCR-amplified using primers
17 and 18, followed by Xbal and EcoRI digestion and insertion into
Xbal + EcoRI-digested ddRFP-PKCb2C1-Venus-KRasCT plasmid to
replace the KRasCT. Cerulean (together with any 5’ extension that
exists in both parental and target plasmids) was PCR-amplified from
Cer-FHA1-NES’ using primers 19 and 20, digested with Hindlll and
Xholandligated into Hindlll + Xhol-digested PKCb2C1-Venus-LAMPI.

For the generation of MDCK stable cell lines, Cyto-ExRai-CKAR2
and Cyto-ExRai-CKAR2 T/A were PCR-amplified using forward primer

AAGCTTGCGGCCGCCACCA andreverse primer GGGCCCTCTAGATTA-
CAG, digested with Xbal and then ligated into EcoRV + Xbal-digested
pLV-puro lentivirus vector. All plasmids were confirmed by DNA
sequencing (Genewiz).

Expression and purification of ExRai-CKAR2

His-tagged ExRai-CKAR2 in pRSET-B vector was transformed into
Escherichia coli BL21(DE3) chemically competent cells and a single
colony was inoculated in 20 ml of Luria-Bertani (LB) medium con-
taining ampicillin (100 pg ml™) and then cultured overnight at 37 °C
with shaking. The seed culture was inoculated to 1L of LB-ampicillin
medium. The culture was shaken vigorously (220 r.p.m.) at 37 °C until
reachinganoptical density at 600 nm of 0.6-0.8. ExRai-CKAR2 expres-
sionwasinduced by IPTG addition to afinal concentration of 200 pM,
followed by shaking at18 °Cfor 20 h. Cells were harvested by centrifu-
gation (5,000g, 10 min, 4 °C) and stored at —80 °C until harvesting.

Frozen cell pellets were thawed on ice before resuspension in
lysis buffer (50 mM Tris pH 7.4,300 mM NaCl,10% glyceroland 10 mM
DTT) containing1 mM PMSF and cOmplete protease inhibitor cocktail
(Roche). Bacteria were then lysed by probe sonication at 100% power
and ten cycles of 30 son and 1 min off onice. Cell debris was removed
by centrifugation (45,000g for 0.5 h, 4 °C) and the supernatant was
loaded onto a prepacked column with 5 ml of Hispur nickel nitrilotri-
aceticacidresin (Ni-NTA, GE Healthcare) through a syringe at roughly
1ml min™. The column was washed with lysis buffer containing 20 mM
imidazole (20 ml) and then with 50 ml of washing buffer (50 mM Tris pH
7.4,300 mMNaCl,10% glycerol and 60 mM imidazole) using syringes at
roughly 3 ml min™. The desired protein was eluted with lysis buffer sup-
plemented with 250 mM imidazole. Fractions were analyzed by SDS-
PAGE and the purest fractions were pooled, concentrated using Amicon
Ultra-15 centrifugal columns (30-kDa cutoff, Millipore) and washed
three times to exchange the buffer to 50 mM Tris pH 7.4,300 mM NaCl
and 10% glycerol. Protein concentrations were determined using the
Pierce BCA protein assay kit (Thermo Fisher Scientific) onaSpark20M
microplate reader (Tecan).

In vitro excitation and emission spectra were obtained on a PTI
QM-400 fluorometer using FelixGX version 4.1.2 software (Horiba).
Excitationscans were collected at 530-nm emission and emission scans
were performed at 405-nm and 480-nm excitation. Purified biosensor
(1 M) was incubated with 5 pg of PKCa for 30 min at 37 °C in kinase
assay buffer 20 mMMHEPES pH7.4,2 mMDTT, 5 mM MgCl,) without ATP
orlipids and with 500 uM EGTA (no Ca*") for unphosphorylated spec-
tra or with 100 pM ATP, phosphatidylserine (140 uM)-DAG (3.8 pM)
membranes and 100 pM Ca* (no EGTA) for phosphorylated spectra.
Datawere analyzed with Excel.

Cell culture and transfection
All cells were cultured under standard conditions as previously
described*®. HeLa (American Type Culture Collection (ATCC), CCL-2),
HEK293T (ATCC, CRL-3216) and Cos7 (ATCC, CRL-1651) cells were cul-
tured in DMEM (Gibco) containing1g L™ (HeLa) or4.5g L™ (HEK293T
and Cos7) glucose, 10% (v/v) FBS (Sigma) and 1% (v/v) penicillin-strep-
tomycin (Sigma-Aldrich). MDCK cells were cultured in MEM (Sigma)
containing10% (v/v) FBS (Sigma) and 1% (v/v) penicillin-streptomycin
(Sigma-Aldrich).

All cells were maintained at 37 °C in a humidified atmosphere of
5% CO,.Forimaging experiments, cells were plated onto sterile 35-mm
glass-bottomed dishes and grown to 50-70% confluence. Transient
transfection was performed using Lipofectamine 2000 (Invitrogen,
HeLa) or PolyJet (SignaGen, HEK293T and Cos7) following the manufac-
turer’s protocols, after which cells were cultured for an additional 24 h.

Biosensor localization
Cos7 cells expressing lysosome-targeted or ER-targeted ExRai-CKAR2
were stained for 30 min with LysoTracker RED (Invitrogen) at a final
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concentrationof 1 mMinHank’s balanced salt solution (HBSS) (Gibco)
or coexpressed with ER-mRuby?2, respectively. Cells were imaged on
a Nikon Ti2 spinning-disk confocal microscope (Nikon Instruments)
equipped with an SRHP APO TIRF x100 (1.49 numerical aperture (NA))
oil objective (Nikon), excitation disk CSU-X1 (Yokogawa) and a Photo-
metrics Prime95B scientific complementary metal-oxide-semicon-
ductor (sCMOS) camera (Photometrics) controlled by NIS-Elements
software (high-content analysis package, Nikon). ExRai-CKAR2 images
were acquired using488-nmand 405-nm lasers at15% and 20% power,
respectively, and 200-ms exposure times. Red fluorescent protein
(RFP) images were acquired using a 561-nm laser at 20% power and
200-ms exposure time.

MDCK stable cell line generation and organoid culture

MDCK stable cell lines were generated using lentiviral plasmid vec-
tors. Briefly, 293T cells were transfected with pCMVAS8.2R, VSVG
and pLV-Puro lentiviral construct expressing Cyto-ExRai-CKAR2 or
Cyto-ExRai-CKAR2 T/A. Viral supernatants were then concentrated
using Lenti-X concentrators (Takara). Concentrated viral supernatants
were applied to MDCK cells with 6 pg ml™ protamine sulfate. Infec-
tion was repeated the next day. Infected cells were then selected with
puromycin (2 pug ml™).

MDCK cells were grown in 3D culture as previously described””.
Briefly, Matrigel (growth factor reduced, BD Biosciences) was plated
onto a 35-mm glass-bottom dish and allowed to solidify for 30 min at
37 °C. MDCK cells were trypsinized, resuspended in medium supple-
mented with 2% Matrigel and then plated on top of Matrigel.

Time-lapse fluorescence imaging

Cells were washed twice with HBSS supplemented with20 mM HEPES
pH7.4 and glucose (2gL™) and subsequently imaged in the same buffer
atroom temperature. PMA, PDBu, UTP, G66983, G66976 or B106 was
added as indicated. HeLa and Cos7 cells were imaged using estab-
lished methods™ on a Zeiss AxioObserver Z7 microscope (Carl Zeiss)
equipped with a Definite Focus.2 system (Carl Zeiss), a x40 (1.4 NA) oil
objective and aPhotometrics Prime95B sCMOS camera (Photometrics)
controlled by METAFLUOR 7.7 software (Molecular Devices). Dual GFP
excitationratioimaging was performed using480DF20 and 405DF20
excitation filters, a SOSDRLP dichroic mirror and a 535DF50 emission
filter. RFP intensity was imaged using a 572DF35 excitation filter, a
594DRLP dichroic mirror and a 645DF75 emission filter. Dual Y/C emis-
sion ratio imaging was performed using a420DF20 excitation filter, a
455DRLP dichroic mirror and two emission filters (473DF24 for CFP
and 535DF25 for YFP). Filter sets were alternated by an LEP MAC6000
control module (Ludl Electronic Products). Exposure times ranged
from100 to 500 ms and images were acquired every 30 s.

MDCK cells wereimaged on the same system, controlled by amodi-
fied version of the open-source MATLAB (Mathworks) and pmanager
(Micro-Manager)-based MATScope imaging suite®.

MDCK organoids were imaged on a Nikon Ti2 spinning-disk con-
focal microscope (Nikon Instruments) equipped with a CFI Apo LWD
Lambda S x40 (1.15 NA) water immersion objective (Nikon), excita-
tion disk CSU-X1 (Yokogawa) under SoRa mode and a Photometrics
Prime95B sCMOS camera (Photometrics) controlled by NIS-Elements
software (high-content analysis package, Nikon). ExRai-CKAR2 images
were acquired using488-nmand 405-nm lasers at 20% and 15% power,
respectively, with 500-ms exposure times every 45 s.

Raw fluorescence images were analyzed as previously reported**.
Briefly,images were first corrected by subtracting the background fluo-
rescenceintensity of a cell-free region from the emissionintensities of
biosensor-expressing cells at each time point. Regions of interest based
onsensor targeting were selected for analysis. The GFP excitation ratio
(480/405, for ExRai biosensors), Y/C emission ratio (for FRET-based
biosensors) or RFP intensity was then calculated at each time point.
Allbiosensor response time courses were subsequently plotted as the

normalized fluorescence intensity or ratio change with respect to time
zero (AF/F,or AR/R,), calculated as (F - F,)/F,or (R—R,)/R,, where Fand
R are the fluorescence intensity and ratio value at a given time point
and Fyand R, are theinitial fluorescence intensity or ratio value at time
zero, whichwas defined as the time pointimmediately preceding drug
addition. Changes in maximum intensity (4F/F) or ratio (AR/R) were
calculated as (Frnay = Fiin)/Fiin OF (Rimay = Rinin)/Rumin, Where Fi., and F; o1
R..x and R.,;, are the maximum and minimum intensity or ratio value
recorded after stimulation, respectively. Graphs were plotted using
GraphPad Prism 8 (GraphPad Software).

PKCisoform knockdown

On-TARGETplus SMARTpool siRNAs against PKCa, PKCp, PKC8 and
scramble control were purchased from Dharmacon; siRNAs against
PKCT and PKCtwere purchased from Santa Cruz Biotechnology. For
siRNA knockdown in 2D cell cultures, 500 pmol of each siRNA was
cotransfected with biosensor(s) into cells plated onto sterile 35-mm
glass-bottom dishes using Lipofectamine 2000 (Invitrogen, for Cos7)
or PolyJet (Signagen, for HEK293T), after which cells were cultured for
an additional 48 h before imaging and western blotting experiments.
For siRNA knockdown in 3D HEK293T organoids, 500 pmol of each
siRNA was cotransfected with biosensor(s) into cells 24 h before seed-
ingin Matrigel using PolyJet and then transfected into organoids again
72 hbeforeimaging experiments.

Immunoblotting

After siRNA knockdown and imaging experiments, the same dish of
cellswereimmunoblotted similar to previous methods™. Briefly, cells
were washed with ice-cold PBS and then lysed in radioimmunopre-
cipitation assay lysis buffer containing protease inhibitor cocktail
(Roche), 1 mM PMSF, 1 mM Na,VO,, 1 mM NaF and 25 nM calyculin A.
Total cell lysates were incubated onice for 30 min before centrifuged
at15,000gat4 °Cfor20 min. Protein concentrationin each sample was
determined by BCA assay (Pierce). Equal amounts of total protein were
separated by 4-15% SDS-PAGE and transferred to PVDF membranes.
The membranes were blocked with TBS containing 0.1% Tween-20 and
5%BSA and thenincubated with primary antibodies overnightat 4 °C.
The next day, membranes were washed, incubated with the appropri-
ate horseradish peroxidase-conjugated secondary antibodies and
developed using horseradish peroxidase-based chemiluminescent
substrate (34579 and 34076, Thermo Fisher Scientific). The following
primary antibodies were used forimmunoblotting: anti-PKCa (610108),
anti-PKCp (610128), anti-PKCS (610397) and anti-PKCt (610175) from
BD Biosciences, anti-PKCC (17781) from Santa Cruz Biotechnology and
anti-GAPDH (2118) from Cell Signaling Technology. All primary antibod-
ieswere used at1:1,000 dilution. Horseradish peroxidase-labeled goat
anti-rabbit (PI31460) or anti-mouse (PI31430) secondary antibodies
were purchased from Pierce. All secondary antibodies were used at
1:2,000 dilution.

Statistics and reproducibility

All experiments were independently repeated as noted in the figure
legends. Statistical analyses were performed using GraphPad Prism 8.
For Gaussian data, Student’s t-test was used for pairwise comparisons.
For comparing three or more sets of data, ordinary one-way analysis
of variance (ANOVA) followed by a multiple-comparisons test was
performed. Statistical significance was defined as P < 0.05 with a 95%
confidence interval. The number of cells analyzed and number of
independent experiments are reported in all figure legends. All time
courses and scattered plots shown depict the mean + s.e.m. unless
otherwise noted.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.
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Data availability

The data that support the findings of this study are available within
the main textand Supplementary Information. Data are also available
fromthe corresponding author uponrequest. Source dataare provided
with this paper.

Code availability

Custom ImageJ macros and MATLAB code used to analyze imaging
data are available on GitHub (https://github.com/jinzhanglab-ucsd/
MatScopeSuite)®.
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Antibodies used

Validation

For Wester Blot, primary antibodies: all antibodies were used at 1:1000 dilution;

Mouse anti PKCa (#610108), mouse anti PKCB (#610128), mouse anti PKCS (#610397), mouse anti PKCt (#610175) were from BD
Biosciences, mouse anti PKC (#17781) was from Santa Cruz Biotechnology and GAPDH (#2118) antibodies from Cell Signaling
Technology.

For Western blot, secondary antibodies:

Horseradish peroxidase-labeled goat anti-rabbit (PI31460) or anti-mouse (PI31430) secondary antibodies were purchased from Pierce

All antibodies are validated by the suppliers as shown from the links provided below:

Mouse anti PKCa (#610108): https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/
immunofluorescence-reagents/purified-mouse-anti-pkc.610108

Mouse anti PKCB (#610128): https://www.bdbiosciences.com/content/dam/bdb/products/global/reagents/western-blotting-and-
molecular-reagents/610xxx/6101xx/610128_base/pdf/610128.pdf

Mouse anti PKCS (#610397): https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/
immunofluorescence-reagents/purified-mouse-anti-pkc.610397

Mouse anti PKCL (#610175): https://www.bdbiosciences.com/en-us/products/reagents/microscopy-imaging-reagents/
immunofluorescence-reagents/purified-mouse-anti-pkc.610175

Mouse anti PKCZ (#17781): https://www.scbt.com/p/pkc-zeta-antibody-h-1

Rabbit anti GAPDH (#2118): https://www.cellsignal.com/products/primary-antibodies/gapdh-14c10-rabbit-mab/2118
Horseradish peroxidase-labeled goat anti-rabbit (PI31460): https://www.thermofisher.com/antibody/product/Goat-anti-Rabbit-1gG-
H-L-Secondary-Antibody-Polyclonal/31460

HRP labeled goat anti-mouse (P131430): https://www.thermofisher.com/antibody/product/Goat-anti-Mouse-lgG-H-L-Secondary-
Antibody-Polyclonal/31430
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HEK293T, Hela, Cos7, MDCK cells were used in this study. All cell lines were obtained from ATCC.

Cell line identities were verified via STR analysis by the commercial source and then maintained separately and isolated from
one another to avoid cross-contamination.

Mycoplasma contamination All cell lines were determined to be free of mycoplasma contamination based on weekly DNA staining.

Commonly misidentified lines  No misidentified cell lines were used in this study.
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the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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off-target gene editing) were examined.
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