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A Highly Sensitive Fluorescent Akt Biosensor Reveals Lysosome-
Selective Regulation of Lipid Second Messengers and Kinase
Activity
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ABSTRACT: The serine/threonine protein kinase Akt regulates a L e e e e o et e e e e o e e et v et o e
wide range of cellular functions via phosphorylation of various “’*’“"“"“@%’@“ ***** 46884843434 EESS586868888686858

substrates distributed throughout the cell, including at the plasma ExRai-AktAR2
membrane and endomembrane compartments. Disruption of

compartmentalized Akt signaling underlies the pathology of many

diseases such as cancer and diabetes. However, the specific spatial @
organization of Akt activity and the underlying regulatory

mechanisms, particularly the mechanism controlling its activity at

the lysosome, are not clearly understood. We developed a highly

sensitive excitation-ratiometric Akt activity reporter (ExRai-

AktAR2), enabling the capture of minute changes in Akt activity dynamics at subcellular compartments. In conjunction with
super-resolution expansion microscopy, we found that growth factor stimulation leads to increased colocalization of Akt with
lysosomes and accumulation of lysosomal Akt activity. We further showed that 3-phosphoinositides (3-PIs) accumulate on the
lysosomal surface, in a manner dependent on dynamin-mediated endocytosis. Importantly, lysosomal 3-PIs are needed for growth-
factor-induced activities of Akt and mechanistic target of rapamycin complex 1 (mTORC1) on the lysosomal surface, as targeted
depletion of 3-PIs has detrimental effects. Thus, 3-PIs, a class of critical lipid second messengers that are typically found in the
plasma membrane, unexpectedly accumulate on the lysosomal membrane in response to growth factor stimulation, to direct the
multifaceted kinase Akt to organize lysosome-specific signaling.

B INTRODUCTION phosphatase, inositol polyphosphate 4-phosphatase B

. . 8
The phosphoinositide 3-kinase (PI3K), Akt, and mechanistic (INPP4B)’. 0 cancer remains to be resollved.. A thoroush
target of rapamycin (mTOR) signaling pathway regulates a understan'dmg of the spatiotemporal Akt signaling r?etwork is
wide range of cellular processes, including cell survival, growth, therefore important for our fundamental understanding of cell
and metabolism." Upon stimulation of receptor tyrosine physiology as well as therapeutic development. However, the
kinases, activation of class I PI3K leads to production of mechanism by which compartment-specific Akt activity is
phosphatidylinositol (3,4)-bisphosphate (PI1(3,4)P,) and regulated to control key downstream signaling events is
phosphatidylinositol (3,4,5)-triphosphate (PI(3,4,5)P; or complex and remains poorly understood. For example, at the

PIP,), which triggers the recruitment of Akt to the plasma lysosome, which is the main degradative organelle and an
membrane via its pleckstrin homology (PH) domain and emerging platform for cellular nutrient signaling,9 Akt
subsequent activation of Akt.'”> Active Akt phosphorylates phosphorylates TSC2 in the tuberous sclerosis complex
various substrates distributed throughout the cell, including in (TSC) to relieve its inhibition of Rheb GTPase, leading to
the plasma membrane, endorrlllezl,il,branes, cytosol, and nucleus, direct activation of mTOR complex 1 (mTORC1), a master

to regulate specific functions.””"” Spatiotemporal Akt signal- regulator of cell growth and metabolism.'® Although TSC2 is

ing plays a critical role in disease settings, including cancer and localized to the lysosomal surface and phosphorylated Akt was

. 1,2 .
type 2 41abe.t.es. For example, it has been suggested that found in the lysosomal fraction,'" it is not clear how Akt is
phosphoinositides and the plasma membrane pool of Akt

control the formation of invadopodia, plasma membrane-
associated structures that play a crucial role in cancer cell
migration and invasion.® In addition, a recent study showed
that PI(3,4)P, levels in endocytic vesicles, but not at the
plasma membrane, play an important role in promoting PI3K/
Akt and ERK signaling in triple-negative breast cancer,’
although the precise role of PI(3,4)P, and the relevant lipid
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Figure 1. Development and characterization of ExRai-AktAR2. (a) Modulation of cpEGFP fluorescence by a molecular switch dependent on Akt-
mediated phosphorylation. (b) Development of ExRai-AktAR2. Domain structure (upper) and normalized ratio changes (AR/R,) of the linker
variants in serum-starved NIH3T3 cells stimulated with 50 ng/mL of PDGF. The best-performing variant was designated ExRai-AktAR2. From top
to bottom: n = 13, 13, 13, 13, 12, 24, and 14 cells from 3 independent experiments each. **¥* P < 0.0001 vs LQ/LL (ExRai-AktAR2); ordinary
one-way ANOVA followed by Dunnett’s multiple comparison test. (c) Average time courses of normalized excitation ratio (R: Ex480/405) in
serum-starved NITH3T3 cells expressing ExRai-AktAR2 (green, n = 24), ExRai-AktAR (blue, n = 14), or ExRai-AktAR2 T/A (gray, n = 13)
stimulated with S0 ng/mL of PDGF. (d) Representative fluorescence images of individual channels and pseudocolor images showing responses of
ExRai-AktAR (top) and ExRai-AKAR2 (bottom) before and after PDGF stimulation in serum-starved NIH3T3 cells. Arrowhead indicates the
addition of PDGF. For individual channel images, ExRai-AktAR and ExRai-AktAR2 are shown in the intensity range of 500—3500 and 500—12000,
respectively. Scale bars = S ym. (e) Average time courses of normalized excitation ratio (R: Ex480/405) in serum-starved NIH3T3 cells expressing
ExRai-AktAR2 stimulated with 50 ng/mL PDGF followed by addition of GDC0068 (1 uM) (green, n = 7) or pretreated with 1 uM GDC0068 for
20 min prior to PDGF stimulation (gray, n = 10). Solid lines in (c, e) indicate mean responses; shaded areas, SEM. Bars denote mean + SEM (b).

regulated at this signaling platform and whether lysosome- probing subcellular Akt activities,””™>’ and FRET-based Akt
specific Akt activity is required for mTORC1 activation. biosensors have limited sensitivity,””***® which prevents

Precise measurement of Akt activity is essential for reliable detection of subtle changes in Akt activities. On the
understanding the regulation and functions of this central basis of a newly developed excitation-ratiometric kinase activity
kinase as well as the intricate signaling networks in which it is reporter (KAR) design,29 here we report an excitation-
embedded. Although quantitative radioactivity assay and ratiometric Akt activity reporter (ExRai-AktAR2) that enables
immunoblotting remain frequently used methods for detecting sensitive measurement of live-cell Akt activity dynamics at
protein kinase activity, fluorescent peptide sensors based on subcellular locations. Using a suite of genetically encodable
phosphorylation-sensitive chelation-enhanced fluorescence'>*? biosensors including ExRai-AktAR2, super-resolution expan-
or unquenching of fluorescence,™* allow for direct, rapid, and sion microscopy, as well as biochemical perturbation, we found
continuous quantification of protein kinase activity in a wide that 3-phosphoinositides (3-PIs) accumulate on the lysosomal
range of sample types including recombinant or immunopre- surface through dynamin-mediated endocytosis, and this pool
cipitated enzymes, cell or tissue lysates. Intracellular delivery of of 3-PIs is critical for regulating Akt and mTORCI on the
specifically engineered peptide-based fluorescent probes lysosomal surface.

further permits dynamic measurement of Akt signaling

dynamics in single cells.”” On the other hand, genetically B RESULTS AND DISCUSSION

encodable fluorescent protein-based biosensors have emerged Development and Characterization of a Highly
to be powerful and indispensable tools that enable inter- Sensitive Excitation-Ratiometric Akt Biosensor. In our
rogation of spatiotemporal control of kinase activity in living excitation-ratiometric KAR design,”” a circularly permuted
cells."®™' These biosensors serve as surrogate substrates of enhanced GFP (cpEGFP), the reporting unit of the biosensor,
specific protein kinases, and, since they are genetically is sandwiched between a kinase-specific substrate peptide and a
encodable, allow real-time measurement of kinase activities phosphoamino acid binding domain, which together serve as
in living cells with high spatial and temporal resolution.'”?%%** the sensing unit of the biosensor. As shown with ExRai
For Akt activity, several genetically encodable sensors were KARs,” insertion of the kinase substrate and FHA1 domains is
developed by converting Akt-mediated phosphorylation to a expected to “rescue” the wild-type GFP chromophore
change in fluorescent readout, such as changes in fluorescence behavior, and phosphorylation-mediated conformational
resonance energy transfer (FRET) or redistribution of changes typically result in increases in the fluorescence of
fluorescence from nucleus to cy’cosol.z‘?’_28 However, trans- the deprotonated chromophore (~480 nm) and decreases in
location-based biosensors cannot be readily adapted for the fluorescence of the protonated chromophore (~405 nm),

2010 https://doi.org/10.1021/acscentsci.1c00919
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Figure 2. ExRai-AktAR2 enables sensitive detection of Akt activity at different subcellular compartments. (a) Domain structures of ExRai-AktAR2
targeted to the cytoplasm, plasma membrane, nucleus, Golgi, and lysosomes. (b) Average time courses of normalized excitation ratios (Ex480/405)
in serum-starved NIH3T3 cells expressing Cyto-ExRai-AktAR2 (n = 20) stimulated with S0 ng/mL of PDGF. Bottom right: Image showing the
localization of Cyto-ExRai-AktAR2. (c) Average time courses of the normalized excitation-ratio response (Ex480/405) in serum-starved NIH3T3
cells expressing PM-ExRai-AktAR2 (n = 23) stimulated with S0 ng/mL of PDGF. Bottom right: Image showing the localization of PM-ExRai-
AktAR2. (d) Average time courses of the normalized excitation ratio response (Ex480/405) in serum-starved NTH3T3 cells expressing Nuc-ExRai-
AktAR2 (n = 13) stimulated with S0 ng/mL of PDGF. Right: Images showing the localization of Nuc-ExRai-AktAR2 (green) and DAPI staining
(blue), together with the merged image. (e) Average time courses of normalized excitation ratio (Ex480/405) in serum-starved NIH3T3 cells
expressing Golgi-ExRai-AktAR2 (n = 12) stimulated with S0 ng/mL of PDGF. Right: Images showing the localization of Golgi-ExRai-AktAR2
(green) and Golgin-97 staining (Golgi marker) (magenta), together with the merged image. (f) Average time courses of normalized excitation ratio
(Ex480/405) in serum-starved NIH3T3 cells expressing Lyso-ExRai-AktAR2 (n = 22) stimulated with 50 ng/mL of PDGF. Right: Images showing
the localization of Lyso-ExRai-AktAR2 (green) and Lyso-Tracker Red staining (lysosomal marker) (magenta), together with the merged image.
Solid lines in b—f indicate mean responses; shaded areas, SEM. Scale bars = 10 um (b—f).

possibly due to structural changes of cpEGFP and alterations tested several linker combinations and compared the responses
of the network surrounding the chromophore.”” The ratio of of biosensor variants in serum-starved NIH3T3 cells
the fluorescence intensities at these two excitation wavelengths stimulated with platelet derived growth factor (PDGF) (Figure
(R: Ex480/405) is used as a readout for kinase activity (Figure 1b). Among those biosensors, variants with linker pairs LQ-LL
la). The first-generation excitation-ratiometric Akt activity and SY-IS showed large responses, and the variant with the
reporter (ExRai-AktAR) developed based on this general linker pair LQ-LL showed the largest response (Figure 1b).
design still has a limited dynamic range,”” although it is already We previously found this LQ/LL mutation can result in kinase
enhanced from the FRET-based Akt activity reporters.”® Given activity reporters with high sensitivity.”> This candidate with
that linkers at the junctions of the sensing unit and reporting the LQ-LL linker was designated ExRai-AktAR2 and subjected
unit critically influence biosensor perforrnance,31’32 we to further characterization (Figure 1b).

mutated the two residues immediately preceding and following As shown in Figures 1c,d and Sla)b, the response of ExRai-

cpEGFP to identify a linker combination which would result in AktAR2 (AR/Ry: 209 + 22%, n = 24) is significantly enhanced
a large change in the excitation ratio upon Akt stimulation. We compared to that of ExRai-AktAR (AR/Ry: 49 + 3%, n = 14)

2011 https://doi.org/10.1021/acscentsci.1c00919
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Figure 3. PDGF-induced Akt colocalization with lysosomes revealed by expansion microscopy. (a) Confocal images of expanded, serum-starved
NIH3T3 cells expressing LAMP1-GFP (green) and stained with total Akt (magenta). Right: Line scan showing out-of-phase spatial pattern
between Akt (magenta) and the lysosomes (green). Data are representative of three independent experiments. Scale bar = 10 ym. (b) Confocal
image of expanded, PDGF-treated (50 ng/mL of PDGF for 30 min) NIH3T3 cells expressing LAMP1-GFP (green) and stained with total Akt
(magenta). Right: Line scan showing in-phase spatial pattern between Akt (magenta) and the lysosomes (green). Data are representative of three
independent experiments. Scale bar = 10 ym. (c) Quantification of Akt colocalization with lysosomes without (gray) and with (red) PDGF
stimulation by Pearson correlation coefficient (PCC, triangles) and the Mander’s overlap coefficient (MOC, dots). Error bar represents the mean +
SEM *##% P < 0.0001, — PDGF vs + PDGF (PCC); **, P = 0.0065, — PDGF vs + PDGF (MOC); unpaired two-tailed Student’s ¢ test. Bars

denote mean + SEM (c). Scale bars = 10 um (a,b).

(Figure 1c). As a negative control, serum-starved NIH3T3 cells
expressing ExRai-AktAR2 with a mutated phosphorylation site
(T/A) showed no response to PDGF (Figure Ilc).
Furthermore, addition of GDCO0068, a potent and selective
Akt inhibitor, reversed the PDGF-induced responses to almost
basal levels, whereas pretreatment with GDC0068 abolished
the responses to PDGF (Figure le), suggesting that the
biosensor is specific to Akt activity. We used Western blotting
analysis to verify the phosphorylation of ExRai-AktAR2 and
showed that the response of ExRai-AktAR2 was correlated with
its phosphorylation upon PDGF stimulation (Figures Slc and
S12). In addition, ExRai-AktAR2 is not responsive to
stimulation conditions that activate protein kinase A
(PKA)* or protein kinase C (PKC),”* suggesting that
ExRai-AktAR2 selectively detects Akt activity (Figure Sld,e).
Furthermore, ExRai-AktAR2 was not sensitive to pH changes
from S to 8 (Figure S2), consistent with previous studies of
analogous biosensors.”” Taken together, ExRai-AktAR2 specif-
ically reports Akt activity with a large dynamic range.
Sensitive Detection of Compartmentalized Akt
Activity Using ExRai-AktAR2. Growing evidence has
suggested that Akt activity is distinctly regulated at subcellular
locations, ranging from microdomains within the plasma
membrane to endomembrane and nuclear compart-
ments.”***3>3° ExRai-AktAR2, with high sensitivity and
specificity for Akt activity, should enable sensitive detection
of Akt activity at different subcellular locations. To monitor
Akt activity at different subcellular locations, we fused ExRai-
AktAR2 to well-established sequences for targeting to different
compartments: nuclear export signal (NES) for cytosol (Cyto),
Lyn kinase targeting motif (Lyn) for plasma membrane (PM),
nuclear localization signal (NLS) for nucleus (Nuc),
endothelial nitric oxide synthase (eNOS)-derived sequence
for Golgi apparatus (Golgi),”” and lysosome-associated
membrane protein 1 (LAMP1)-derived sequence for lysosome

2012

(Lyso)*®*® (Figure 2a). As expected, in the cytosol compart-
ment and the plasma membrane, PDGF induced a 325 + 20%
(AR/Ry, n = 20) increase and a 127 + 11% (AR/Ry, n = 23)
increase for Cyto-ExRai-AktAR2 (Figure 2b) and PM-ExRai-
AktAR2 (Figures 2c and S3a), respectively. Moreover, Nuc-
ExRai-AktAR2 (Figure 2d), colocalized with nuclear marker
(DAPI), exhibited a 102 + 13% (AR/Ry, n = 13) increase in
the excitation ratio in response to PDGF, in line with previous
reports on nuclear Akt activity.s’m’39 In addition, we observed
PDGF-stimulated Akt activity at a previously underappreciated
location, Golgi membranes. As seen in Figure 2e, Golgi-ExRai-
AktAR2 colocalized with appropriate Golgi marker (Golgin-
97) and responded to PDGF with a 169 + 21% (AR/Ry, n =
12) increase in the excitation ratio. In support of this notion, a
recent study suggested that Akt and phosphoinositide-depend-
ent kinase-1 (PDK1) are present in Golgi membranes, and Akt
is regulated by S-palmitoylation,** a protein lipidation that is
reversible and often occurs in Golgi membranes.”' The specific
regulation and functional role of this pool of Akt activity await
further investigation.

We next examined the Lyso-ExRai-AktAR2 response, given
the growing recognition of the lysosome as a prominent
subcellular location for Akt/mTOR signaling.'”"" NIH3T3
cells expressing Lyso-ExRai-AktAR2 showed fluorescence in
small puncta, which were localized with Lyso-Tracker Red, a
red lysosomal marker. Lyso-ExRai-AktAR2 responded to
PDGF stimulation with a 70 + 9.0% (AR/R,, n = 22) increase
in the excitation ratio (Figure 2f), suggesting that lysosomal
Akt activity is induced by PDGF. Taken together, these results
suggest that ExRai-AktAR2 enables robust detection of Akt
activity at various subcellular locations (Figure S1f), clearly
outperforming the commonly used FRET-based AktAR2
(Figure S3b—h) and representing the most sensitive
fluorescent biosensor capable of subcellular detection of Akt
activity in living cells.

https://doi.org/10.1021/acscentsci.1c00919
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PDGF Stimulation Increases Akt Colocalization with
the Lysosome. Several lines of evidence suggest that the
lysosome is an important site of Akt signaling.'”'' At the
lysosome, activation of mTORCI1 is facilitated by Akt-
mediated phosphorylation of TSC2, which relieves the
suppression of Rheb GTPase and directly activates
mTORC1."" Detection of lysosomal Akt activity prompted
us to examine whether Akt is localized to the lysosome. The
lysosome structure varies from 0.1 to 1.2 pym in size," and
100—500 nm in diameter, which poses a challenge for the
assessment of colocalization of Akt with lysosome structures
using conventional light microscopy.”” We therefore utilized
two-color expansion microscopy, which was reported to
provide nanoscale resolution for fluorescence imaging on
conventional diffraction-limited microscopes.”*™* For sample
preparation, NIH3T3 cells overexpressing GFP-fused LAMP1
(LAMP1-GFP) were fixed and then stained for total Akt
following a standard expansion protocol.”***" We first
verified that the homogeneous expansion process yields the
expected expansion ratio by showing a macroscopic expansion
ratio of 2.6 (Figure S4a) and a microscopic expansion ratio of
2.7 (pre- and postexpansion) (Figure S4b—c). The close
approximation of macroscopic and microscopic expansion
ratios suggests the expansion is homogeneous. Moreover, the
intensity distribution along the line scan of expanded NIH3T3
cells (Figure S4d—e) showed excellent contrast. With a
resolution of 45 nm (resolution/expansion ratio, 120 nm/
2.7), this method provided more detailed information than
conventional methods, while keeping the structures well
preserved.

Using expansion microscopy and a validated Akt antibody
(Figures SS and S12), we analyzed the colocalization of
lysosome structures and Akt signals. As shown in Figure 3a,
serum-starved NIH3T3 cells expressing LAMP1-GFP ex-
hibited punctate vesicular patterns identified as lysosomes,
with little colocalization of Akt, as indicated in line scan
analyses. Upon PDGF treatment, we observed an increase in
colocalization of Akt and the lysosomes (Figure 3b). We then
quantified the degree of colocalization between Akt and the
lysosomes.”” The values of the Pearson correlation coefficient
(PCC) were significantly higher for PDGF-treated samples
(red triangles, 0.38 + 0.03, n = 10), compared with control
cells (gray triangles, 0.16 + 0.02, n = 15, P < 0.0001) (Figure
3c). A similar trend was seen with the Mander’s overlap
coefficient (MOC) values (red dots, 0.45 + 0.03, n = 10; gray
dots, 0.34 + 0.02, n = 15, P < 0.01) (Figure 3c). These data
suggest that PDGF stimulation induces the localization of Akt
to the lysosomes. Notably, PDGF-induced changes were not
detected in nonexpanded samples (P = 0.49 for PCC and P =
0.51 for MOC) (Figure S6), highlighting the capability of
expansion microscopy to capture important spatial information
that is lost in conventional light microscopy. We further
validated this finding by proximity ligation assay (PLA). PLA
signals were detected when we examined the proximity
between Akt and the lysosomal marker LAMPI. These signals
were significantly higher than background signals with LAMP1
antibody plus IgG control, confirming that Akt is localized at
the lysosomes in nonstarved NIH3T3 cells (Figure S7).

3-Phosphoinositides Accumulate at the Lysosomes
through Endocytosis. Having demonstrated the localization
and activity of Akt at the lysosomes, we next asked whether
lipid second messengers are involved in Akt regulation at the
lysosome. In the classical model, upon growth factor
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stimulation, activation of PI3K leads to production of
PI1(3,4)P, and PI(3,4,5)P; at the plasma membrane, which
recruit Akt for its subsequent activation."””' We then ask
whether 3-PIs are present at the lysosome to recruit Akt
following growth factor stimulation. For detecting subcellular
phosphoinositide dynamics, we previously constructed a
genetically encodable indicator for phosphoinositides based on
Akt (InPAkt)*® by sandwiching the PH domain of Akt and a
“pseudoligand” between cyan and yellow fluorescent proteins.
PIP, and PI(3,4)P,, produced upon growth factor stimulation,
bind to the PH domain and compete off the pseudoligand,
resulting in a change in FRET between the fluorescent proteins
and an increase in yellow-to-cyan emission ratio.”® We fused a
LAMP1-derived lysosomal targeting motif to the N-terminus
of the biosensor to generate Lyso-InPAkt. A plasma
membrane-targeted InPAkt (PM-InPAkt) was used as a
control (Figure 4a). As shown in Figure 4b, PM-InPAkt was
responsive to PDGF stimulation, as expected, with a 7.4 +
0.8% increase in the yellow/cyan (Y/C) emission ratio (blue, n
= 22) as expected. Intriguingly, Lyso-InPAkt also showed a
consistent response of 4.4 + 0.4% to PDGF stimulation (green,
n = 29). This suggests that PI(3,4)P, and PIP; accumulate at
the lysosomal membrane in response to growth factor
stimulation. Furthermore, we compared the kinetics of
PI(3,4)P, and PIP; accumulation within these compartments
by using both the lag time and T ,, the time needed to reach
5% and 50% of the maximum amplitude, respectively (Figures
4c and $8a).>>">* We found that the kinetics of PI(3,4)P, and
PIP; accumulation were slower at the lysosome than at the
plasma membrane (P < 0.01) (Figures 4c and S8a).
Additionally, accumulation of PI1(3,4)P, and PIP; was more
sustained at the lysosome compared versus the plasma
membrane, quantified by the sustained activity metric at 15
min post-treatment (SAMIS)55 (0.74 + 0.03, n = 29 vs 0.63 +
0.04, n = 22, P = 0.04) (Figures 4b and S8b). Thus, in addition
to the plasma membrane, PDGF stimulates the accumulation
of PI(3,4)P, and PIP; at the lysosome, with subcellularly
distinct kinetic profiles.

As PI(3,4)P, was shown to internalize from the cell
membrane into early endosomes,”’ we examined whether
lysosomal accumulation of PI(3,4)P, and PIP; is facilitated by
endocytosis. Since a wide variety of endocytic processes
requires dynamin, and dynamin-2 is ubiquitously expressed
compared to dynamin-1 and —3,°°~*" we perturbed endocytic
pathways by expressing a dominant negative form of dynamin-
2 (DNM2/K44A).>” We found that the response amplitude of
PM-InPAkt (AR/Ry: 8.1 + 0.7%, n = 22) was not affected by
overexpression of DNM2/K44A (AR/R,: 8.8 + 0.4%, n = 21,
P = 0.64) (Figure 4d—e). Similarly, Gpretreating cells with a
potent dynamin inhibitor, Dyngo-4a,°>" had little effect on
the response amplitude of PM-InPAkt (AR/R: 6.2 + 0.6%, n
=12, P = 0.16), suggesting that perturbing dynamin-dependent
endocytosis does not affect the maximal levels of plasma
membrane PI(3,4)P, and PIP;. However, the kinetics of
PI(3,4)P, and PIP; accumulation at the plasma membrane
were altered by dynamin inhibition. Increased SAM1S values
were observed in cells overexpressing DNM2/K44A (0.88 +
0.02, n =21, P < 0.0001) or cells treated with Dyngo-4a (0.86
+ 0.04, n = 13, P < 0.001) compared to control cells (0.68 +
0.04, n 22) (Figure S8c), suggesting more sustained
accumulation of 3-PIs at the plasma membrane when
dynamin-dependent endocytosis was inhibited, presumably
due to reduced internalization of 3-PIs. In stark contrast, the

https://doi.org/10.1021/acscentsci.1c00919
ACS Cent. Sci. 2021, 7, 2009-2020


https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acscentsci.1c00919/suppl_file/oc1c00919_si_001.pdf
http://pubs.acs.org/journal/acscii?ref=pdf
https://doi.org/10.1021/acscentsci.1c00919?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Central Science

http://pubs.acs.org/journal/acscii

Research Article

a Lyso-InPAkt
LAMP1 _&PseudoSub- YFP
PM-InPAkt
Cenulean = RHysPseudo-Sum  YFP  =GAAX|
b c
g 1.08{ PDGF PM
< * %
° —
® <
p £
S~ o 6 ©
@ o 1.04 IS o
2% £ s
5= g
el —
N 0
T 1.00{
5] PM  Lyso
pzd
0 6 12
Time (min)
d PM-InPAkt e PM-InPAkt
Q PDGF DNM2/K44A
Z  1.08
° . AN 0F
g gx
5 g
@ o ] ol
é & 1.04 x S
[ L
© Control & Q
£ Dyngo-4a E a
= 1.00 =
5]
b
0 6 12 DNEAZ/K444A -+ X
Time (min) ynge-4a
f Lyso-InPAkt g Lyso-InPAkt
Q PDGF Control
z 0=
S 1.044 2 45
o oo
c 8 g
O~ =
Be ; g3
EX Dyngo-4a =0 6
[ 0 ]
o ] A e
KRRl e
© JR )
g w 0
2 DNM2/K44A
————  DNMZ2/K44A - + -
0 8 16 Dyngo-4a - - +
Time (min)

Figure 4. PDGF-induced 3-phosphoinositide accumulation is depend-
ent on dynamin-mediated endocytosis. (a) Domain structure of
lysosome-targeted InPAkt (Lyso-InPAkt) and plasma membrane-
targeted InPAkt (PM-InPAkt). (b) Average time courses of
normalized emission ratio (yellow/cyan) in serum-starved NIH3T3
cells expressing PM-InPAkt (blue, n = 22) or Lyso-InPAkt (green, n =
29) stimulated with S0 ng/mL of PDGF. (c) Comparison of lag time
of PM-InPAkt (n = 22) and Lyso-InPAkt (n = 29) from three
independent experiments. **, P = 0.0030; unpaired two-tailed
Student’s t test with Welch’s correction. (d) Average time courses
of the normalized emission ratio (yellow/cyan) in serum-starved
NIH3T3 cells expressing PM-InPAkt without (blue, n = 22) or with
pretreatment of SO uM Dyngo-4a (beige, n = 12), or with
overexpression of DNM2/K44A (orange, n = 21). (e) Responses of
PM-InPAkt in PDGF-treated serum-starved NIH3T3 cells without (n
= 22) or with pretreatment of Dyngo-4a (n = 12), or with
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Figure 4. continued

overexpression of DNM2/K44A (n = 21). ns, not significant, P =
0.1582, control vs Dyngo-4a; ns, not significant, P = 0.6440, control vs
DNM2/K44A; ordinary one-way ANOVA followed by Tukey’s
multiple comparison test. (f) Average time courses of normalized
emission ratio (yellow/cyan) in serum-starved NIH-3T3 cells
expressing Lyso-InPAkt without (green, n = 17) or with pretreatment
of S0 uM Dyngo-4a (beige, n = 9), or with overexpression of DNM2/
K44A (orange, n = 20). (g) Responses of Lyso-InPAkt in PDGF-
treated serum-starved NIH3T3 cells without (n 17) or with
pretreatment of Dyngo-4a (n = 9), or with overexpression of DNM2/
K44A (n = 20). **¥** P < 0.0001, control vs Dyngo-4a; **** P <
0.0001, control vs DNM2/K44A; ordinary one-way ANOVA followed
by Tukey’s multiple comparison test. Solid lines in (b, d, f) indicate
mean responses; shaded areas, SEM. Bars denote mean + SEM (g, e,

g)-

Lyso-InPAkt response (AR/Ry: S = 0.5%, n = 17) was
completely abolished by inhibition of dynamin via either
DNM2/K44A expression (AR/Ry: 1.4 + 0.2%, n = 20, P <
0.0001) or Dyngo-4a treatment (AR/R: 1.0 + 0.7%, n = 9, P
< 0.0001) (Figure 4f—g), suggesting that lysosomal accumu-
lation of PI(3,4)P, and PIP, is dependent on dynamin-
dependent endocytosis. Moreover, given that production of
PI(3,4)P, and PIP; at the plasma membrane is primarily
mediated by class I PI3K,**** we would expect that lysosomal
3-phosphoinositides also depend on the same isoform.
Pretreating cells with PIK-75, a highly selective inhibitor of
class T PI3K,°*** abolished the response of Lyso-InPAkt
(Figure S8d), indicating that the lysosomal pool of 3-Pls
indeed also depends on class I PI3K.

3-Phosphoinositides are potent lipid second messengers
whose cellular levels are tightly controlled in time and space.
Although PIP; and PI(3,4)P, are known to be predominantly
produced at the plasma membrane and act as important
regulators for Akt activity, there was little evidence for the
presence of these two lipid products of PI3Ks at the lysosomal
membrane,®> where PI(3)P and PI(3,5)P, are considered to be
abundant.®®” Our results demonstrated that 3-PIs accumulate
at the lysosomes in response to growth factor stimulation, and
such accumulation is blocked by inhibition of dynamin or class
I PI3K. Our findings support a model where 3-PIs are
produced at the plasma membrane by class I PI3K and
subsequently internalized (or transported) to the lysosome
through dynamin-mediated endocytosis, consistent with
previous studies showing that PI(3,4)P, is internalized to
accumulate on early endosomes in an endocytosis-dependent
manner,”’ although the role of other isoforms of PI3K was not
directly probed here.”®

Lysosomal Akt/mTORC1 Signaling Is Dependent on
Endocytosis. We next asked whether blocking dynamin-
dependent endocytosis inhibits Akt activity at the lysosomes.
As shown in Figure Sab, Dyngo-4a pretreatment largely
attenuated the PDGF-induced Lyso-ExRai-AktAR2 responses
(gray, AR/Ry: 3.4 + 1.8%, n = 20) compared to controls
without Dyngo-4a treatment (green, AR/Ry: 69 + 9.5%, n =
16, P < 0.0001). We further analyzed the effect of Dyngo-4a on
phosphorylation of T1462 in TSC2. TSC2 localizes at the
lysosomal surface and is a well-established Akt substrate.'”®*
Consistent with the imaging data, Dyngo-4a pretreatment
decreased the PDGF-induced phosphorylation of TSC2
without affecting phosphorylation of glycogen synthase
kinase-38 (GSK3f), an Akt substrate localized throughout
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Figure 5. Lysosomal Akt/mTORCI signaling activities are dependent
on endocytosis. (a) Average time courses of normalized excitation
ratio (R: Ex480/405) in serum-starved NIH3T3 cells expressing
lysosome-targeted ExRai-AktAR2 (Lyso-ExRai-AktAR2) stimulated
with SO ng/mL of PDGF without (green, n = 16) or with S0 uM
Dyngo-4a pretreatment for 10 min (gray, n = 20). (b) Responses of
Lyso-ExRai-AktAR2 in PDGF-treated serum-starved NIH3T3 cells
without (n = 16) or with pretreatment of Dyngo-4a (n = 20). ****, P
< 0.0001; unpaired two-tailed Student’s ¢ test with Welch’s correction.
(c) Pearson correlation coefficient (PCC) analysis of Akt and
lysosome colocalization in serum-starved NIH3T3 cells without (gray
triangle) or with PDGF stimulation (red triangle) in the absence or
presence of 50 M Dyngo-4a. In the absence of Dyngo-4a: ***, P =
0.0006, — PDGF vs + PDGF; In the presence of Dyngo-4a: ns, not
significant, P = 0.94, — PDGF vs + PDGF; Without PDGF
stimulation: ns, not significant, P = 0.99, — Dyngo-4a vs + Dyngo-
4a; Ordinary one-way ANOVA followed by Tukey’s multiple
comparison test. (d) Mander’s overlap coefficient (MOC) analysis
of colocalization of Akt and the lysosome in serum-starved NIH3T3
cells without (gray dots) or with PDGF stimulation (red dots) in the
absence of presence of SO M Dyngo-4a. In the absence of Dyngo-4a:
*#% P = 0.0003, — PDGF vs + PDGF; In the presence of Dyngo-4a:
ns, not significant, P = 0.96, — PDGF vs + PDGF; Without PDGF
stimulation: ns, not significant, P = 1.0, — Dyngo-4a vs + Dyngo-4a;
Ordinary one-way ANOVA followed by Tukey’s multiple comparison
test. (e) Domain structure of lysosome-targeted TORCAR (Lyso-
TORCAR). (f) Average time courses of normalized emission ratio
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Figure S. continued

(cyan/yellow) in serum-starved NIH3T3 cells expressing Lyso-
TORCAR stimulated with 50 ng/mL of PDGF without (blue, n =
11) or with S0 4uM Dyngo-4a pretreatment for 10 min (gray, n = 18).
(g) Responses of Lyso-TORCAR in PDGF-treated serum-starved
NIH3T3 cells without (n = 11) or with pretreatment of Dyngo-4a (n
= 18). *#¥% P < 0.0001; unpaired two-tailed Student’s t test. Solid
lines in (a, f) indicate mean responses; shaded areas, SEM. Bars
denote mean + SEM (b—d, g).

the cell (Figures S9a,b and $12).5%70 Similarly, responses of
Lyso-ExRai-AktAR2 to PDGF (green, AR/Ry: 56 + 3.7%, n =
18) were reduced in cells overexpressing DNM2/K44A (gray,
AR/Ry: 29 + 5.7%, n = 14, P < 0.001) (Figure S9c). These
results suggest that perturbing dynamin-dependent endocytosis
suppresses Akt activity at the lysosome. In contrast, PDGF-
induced Akt activity at the plasma membrane (green, AR/Ry:
95 + 17%, n = 5) was not affected by overexpressing DNM2/
K44A (gray, AR/R,: 105 + 13%, n = 9, P = 0.6481) (Figure
S9d). Together, these results suggest that lysosomal Akt
activity is dependent on dynamin-mediated endocytosis.

We next asked whether inhibition of dynamin affects the
colocalization of Akt with the lysosome structures. Using
expansion microscopy, we found that in the presence of
Dyngo-4a the increased colocalization of Akt with lysosomes
induced by PDGF was effectively blunted (before PDGF, PCC
= 0.14 + 0.01, n = 9; after PDGF, PCC = 0.16 + 0.02, n = 13,
P = 0.94), whereas PDGF induced a robust increase in Akt
colocalization with the lysosomes in the absence of Dyngo-4a
(before PDGF, PCC = 0.15 + 0.01, n = 15; after PDGF, PCC
=0.24 &+ 0.02, n = 11, P < 0.001) (Figure Sc). Dyngo-4a did
not affect the basal colocalization of Akt and the lysosomes,
indicated by unchanged PCC values for cells without (0.15 +
0.01, n = 15) or with pretreatment of Dyngo-4a (0.14 + 0.01, n
=9, P=0.99) (Figure Sc). Colocalization analysis using MOC
agrees well with the results using PCC (Figure 5d). Taken
together, our data suggest that blocking dynamin-dependent
endocytosis prohibits PDGF-induced localization of Akt to the
lysosomes.

mTORCI1 is known to be activated at the lysosomes through
Akt-mediated phosphorylation of TSC2."” We hypothesized
that localized Akt activity is required for the lysosomal
activation of mTORCI. Given the demonstrated dependence
of lysosomal Akt activity on dynamin-mediated endocytosis,
we next examined whether perturbation of dynamin-mediated
endocytosis impacts mTORCI activity at the lysosomes. To
probe mTORC1 activity, we previously constructed a
genetically encodable FRET-based mTORCI1 activity reporter
(TORCAR) by sandwiching the mTORCI-specific substrate,
eukaryotic initiation factor 4E-binding protein 1 (4EBP1),
between a pair of fluorescent proteins that can undergo FRET.
Upon specific phosphorylation by mTORC1, TORCAR
exhibits a change in FRET, resulting in an increase in the
cyan-overyellow (C/Y) emission ratio as a readout for
increased mTORCI activity.”*® Lysosome-targeted TOR-
CAR (Lyso-TORCAR; Figure Se) showed a response to
PDGF (blue, AR/Ry: 6.8 = 0.9%, n = 11), which was largely
diminished in cells treated with Dyngo-4a (gray, AR/Ry: 1.3 +
0.4%, n = 18, P < 0.0001) (Figure Sf—g). Consistent with the
Dyngo-4a data, PDGF also induced a smaller Lyso-TORCAR
response in cells overexpressing DNM2/K44A (gray, AR/Ry:
2.3 + 0.5%, n = 17) compared to control cells (blue, AR/Ry:
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Figure 6. Targeting lipid phosphatases to the lysosomes inhibits 3-phosphoinositides/Akt/mTORCI signaling. (a) Domain structures of lysosome-
targeted PTEN A4 (Lyso-PTEN A4-mChe), INPP4B (Lyso-INPP4B-mChe), and mCherry (Lyso-mChe). (b) A model depicting the conversion
of 3-phosphoinositides catalyzed by lysosome-targeted PTEN A4 and INPP4B. While PTEN A4 dephosphorylates PIP3 and PI(3,4)P2, INPP4B
dephosphorylates PI(3,4)P2 to PI3P. (c) Responses of Lyso-InPAkt in PDGF-treated serum-starved NIH3T3 cells without (5.1 # 0.4%, n = 28) or
with expression of Lyso-PTEN A4-mChe (PTEN, 0.8 + 0.2%, n = 19), Lyso-INPP4B-mChe (INPP4B, 3.1 + 0.6%, n = 20), and lysosome-targeted
mCherry (mChe, 6.6 + 0.8%, n = 9). **¥* P < 0.0001, control vs Lyso-PTEN A4-mChe; ****, P < 0.0001, Lyso-mChe vs Lyso-PTEN A4-mChe;
*, P = 0.0246, control vs Lyso-INPP4B-mChe; **, P = 0.0019, Lyso-mChe vs Lyso-INPP4B-mChe; ns, not significant, P = 0.3241, control vs Lyso-
mChe; ordinary one-way ANOVA followed by Tukey’s multiple comparison test. (d) Responses of Lyso-ExRai-AktAR2 in PDGF-treated serum-
starved NITH3T3 cells without (54 + 4.7%, n = 19) or with expression of Lyso-PTEN A4-mChe (PTEN, 29 + 5.4%, n = 15), Lyso-INPP4B-mChe
(INPP4B, 36 + 3.6%, n = 18), and Lyso-mChe (mChe, 58.7 + 5.3%, n = 18). **, P = 0.003, control vs Lyso-PTEN A4-mChe; ***, P = 0.0004,
Lyso-mChe vs Lyso-PTEN A4-mChe; *, P = 0.0430, control vs Lyso-INPP4B-mChe; **, P = 0.007, Lyso-mChe vs Lyso-INPP4B-mChe; ns, not
significant, P = 0.89, control vs Lyso-mChe; ordinary one-way ANOVA followed by Tukey’s multiple comparison test. (e) Responses of Lyso-
TORCAR in PDGF-treated serum-starved NIH3T3 cells without (7 + 1.1%, n = 18) or with expression of Lyso-PTEN A4-mChe (PTEN, 3.1 +
0.7%, n = 13), Lyso-INPP4B-mChe (INPP4B, 3.8 + 0.8%, n = 14), and Lyso-mChe (mChe, 8.3 + 0.9%, n = 14). *, P = 0.016, control vs Lyso-
PTEN A4-mChe; **, P = 0.0017, Lyso-mChe vs Lyso-PTEN A4-mChe; *, P = 0.0486, control vs Lyso-INPP4B-mChe; **, P = 0.006, Lyso-mChe
vs Lyso-INPP4B-mChe; ns, not significant, P = 0.65, control vs Lyso-mChe; ordinary one-way ANOVA followed by Dunnett’s multiple comparison
test. Bars denote mean + SEM (c—e).

5.3 + 0.5%, n = 19, P < 0.001) (Figure S9e), suggesting that and PI(3,4)P, (Figure 6b).”" Mutating four residues to alanine

blocking dynamin-mediated endocytosis suppresses PDGF- in the C-terminal tail region (PTEN A4) prevents inhibitory
induced lysosomal mTORCI activity. phosphorylation and generates a constitutively active form of

Targeted Lipid Phosphatases Perturb Lysosomal Akt/ PTEN.”"”® A PTEN A4 variant localized to the lysosomes
mTORC1 Signaling Activity. Our data so far suggest that 3- (Lyso-PTEN A4-mChe, Figure 6a) displayed proper punctate
phosphoinositides generated at the plasma membrane, such as structures that colocalized with Lyso-InPAkt (Figure S10a). As
PI(3,4)P, and PIP,, subsequently accumulate within the shown in Figure 6c, lysosome-targeted PTEN A4 efficiently
lysosomal membrane through dynamin-mediated lipid inter- lowered lysosomal 3-PI levels, as PDGF-induced Lyso-InPAkt
nalization. This leads to an increase in Akt activity at the responses (5.1 + 0.4%, n = 28) were robustly reduced to 0.8 +
lysosomes, which is important for mTORCI activation at this 0.2% (n = 19, P < 0.0001), whereas no effect was observed
location. To directly test our model and examine the role of with expression of lysosome-targeted mCherry alone (6.6 +
lysosomal 3-PIs in regulating lysosomal Akt and its down- 0.9%, n = 9, P = 0.32). We next examined lysosomal Akt

stream target mTORC1, we set out to directly perturb 3-PIs at activity by measuring the responses of Lyso-ExRai-AktAR2 in
the lysosomes (Figure 6a). PTEN (phosphatase and tensin the presence of lysosomal PTEN A4 (Figure S10b and Figure
homologue) is a lipid phosphatase that dephosphorylates PIP; 6d). Lyso-ExRai-AktAR2 responses (AR/Ry: 54 + 4.7%, n =
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19) were significantly decreased by lysosomal PTEN A4 (AR/
Ry: 29 + 5.4%, n = 1S5, P < 0.01), which were unchanged by
lysosomal mCherry (AR/Ry: 59 + 5.3%, n = 18, P = 0.89)
(Figure 6d). Similar results were observed with lysosome-
targeted FRET-based AktAR2 (Figure S10c—e). These results
suggest that lysosomal depletion of PIP; and PI(3,4)P,
dampens lysosomal Akt activity. Furthermore, examination of
lysosomal mTORCI1 activities revealed an inhibition of Lyso-
TORCAR responses (AR/Ry: 7.0 + 1.1%, n = 18) by
lysosomal PTEN A4 (AR/Ry: 3.1 + 0.7%, n = 13, P < 0.05),
with little effect by lysosomal mCherry (AR/Ry: 8.3 & 0.9%, n
=14, P = 0.65) (Figure 6e). Our data suggest that the presence
of 3-Pls at the lysosome is essential for lysosomal Akt and
mTORCI activities.

We then ask whether the regulation of Akt/mTORCI at the
lysosome specifically involves the lipid second messenger
PI(3,4)P,. INPP4B is a lipid phosphatase that specifically
dephosphorylates PI(3,4)P,* and its localization at late
endosomes/lysosomes has been recently demonstrated.”
When targeted to the lysosomes, INPP4B (Figure 6a) showed
punctate structures that colocalized with Lyso-InPAkt (Figure
S10a). Similar to Lyso-PTEN A4, expression of lysosome-
targeted INPP4B led to a reduction in the responses of Lyso-
InPAkt (3.1 + 0.6%, n = 20, P < 0.0S), which was significantly
lower than the response of cells expressing Lyso-mCherry
control, suggesting that targeting INPP4B to the lysosomes
reduced the levels of lysosomal 3-PIs, presumably PI(3,4)P,
(Figure 6¢). Lyso-INPP4B also inhibited PDGF-induced
responses of Lyso-ExRai-AktAR2 (AR/Ry: 36 + 3.6%, n =
18, P < 0.05) (Figure S10b and Figure 6d) and the FRET-
based Akt activity reporter targeted to the lysosomes (Figure
S10c-e), supporting a role of lysosomal P1(3,4)P, in promoting
local Akt activity. Similarly, Lyso-TORCAR responses (7 +
1.1%, n = 18) were suppressed by Lyso-INPP4B (3.8 + 0.8%, n
= 14, P < 0.05) but not by lysosomal mCherry (Figure S10f
and Figure 6e).

Taken together, these results suggest that 3-Pls in the
lysosomal membrane, specifically PI(3,4)P,, are required for
lysosomal Akt activity, which in turn activates mTORC1 on
this signaling platform (Figure S11). 3-PIs critically regulate
membrane recruitment and activation of Akt.”® As these lipid
second messengers are dynamically modulated within specific
membranes through redistribution of lipids and regulation of
lipid enzymes,* their spatial compartmentalization is expected
to critically contribute to the spatiotemporally distinct
activation patterns of Akt.”"’®”” At the molecular level, how
do lysosomal 3-Pls upregulate Akt activity at the lysosome?
Akt may be directly recruited to lysosomal membrane sites of
3-PI accumulation via engagement of the Akt PH domain. 3-PI
accumulation may also drive the lysosomal membrane
recruitment of proteins containing PH domains such as
PDKI1 and the Sinl component within the mTORC2 complex
for localized Akt activation.” In addition, Akt association with
3-PIs at the lysosomal membrane may prevent Akt
dephosphorylation and deactivation.”” Alternatively, activated
and phosphorylated Akt could depart from the plasma
membrane’® and relocalize to the lysosomal surface via
binding to 3-Pls.

B CONCLUSIONS

In summary, we present ExRai-AktAR2, which exhibited high
specificity and sensitivity with an improved dynamic range
compared with both ExRai-AktAR (Figure 1) and the widely

2017

used FRET-based Akt activity reporter.”® Because of its
subcellular targetability, ExRai-AktAR2 also outperforms
translocation-based biosensors>~>” and represents the most
sensitive fluorescent biosensor capable of measuring sub-
cellular Akt activity in living cells. This new molecular tool
enabled us to detect Akt activity in distinct membrane
compartments, including the Golgi membrane. Complemen-
tary to imaging biochemical activities, expansion microscopy
remarkably improved the spatial resolution of subcellular
imaging of Akt with standard microscopes.*>*® This strategy of
combining kinase biosensors for tracking subcellular activities
with super-resolution imaging for mapping the spatial
distribution of the kinase itself should be a generalizable and
powerful approach to ;)robe the biochemical activity
architecture of the cell.'®’

Our results revealed that 3-PIs, a class of critical lipid second
messengers that are predominantly present in the plasma
membrane, accumulate on the lysosomal surface in response to
growth factor stimulation in an endocytosis-dependent
manner. The lysosomal accumulation of 3-PIs specifically
promotes Akt/mTOR signaling activities at the lysosome.
Given that dysregulation of this pathway underlies the
pathology of many diseases such as cancer and diabetes,
spatial compartmentation adds another intricate layer to the
complex PI3K/Akt signaling pathway and may also provide
new opportunities for selective targeting,””
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