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Abstract

Alzheimer’s disease is typified by calcium dysfunction and neurofibrillary tangles of tau 

aggregates along with mitotic proteins. Using PC12 cells as a model system, we determined 

whether the Gαq/PLCβ/calcium signaling pathway impacts the manifestation of Alzheimer’s 

disease. Down-regulating PLCβ significantly increases tau protein expression and causes a large 

increase in tau aggregation. Stimulating Gαq to activate PLCβ results in a modest reduction in tau 

aggregation while inhibiting PLCβ activity results in a modest enhancement of tau aggregation. 

These results suggest that PLCβ may effect tau aggregation by an additional mechanism that is 

independent of its ability to transduce calcium signals. To this end, we found that a cytosolic 

population of PLCβ binds to a mitotic protein found in neurofibrillary tangles, CDK18, which 

promotes tau phosphorylation and aggregation. Taken together, our studies show that the loss of 

PLCβ1 can promote Alzheimer’s disease by a combination of its catalytic activity and its 

interaction with mitotic proteins thus offering an orthogonal method to control tau aggregation.
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INTRODUCTION

Alzheimer’s Disease (AD) is characterized by a loss of neuronal tissue and the formation of 

neurofibrillary tangles that contribute to disruption of neuronal synapses, downstream 

atrophy of the cerebrum, and cognitive decline (see [1]). These neurofibrillary tangles are 

rich in hyperphosphorylated tau proteins. Normally, tau proteins assist in the organization of 

microtubule networks. Tau aggregation, initiated by phosphorylation, disrupts the cellular 

cytoskeleton ultimately leading to thinning of tissue in the cortex and cognitive decline [2, 

3].

While tau aggregation is a hallmark of AD, the underlying causes of this disease are more 

complex. Recently, it was found that neurons in regions of the brain affected by AD have 

completed the S phase of the cell cycle, as evidenced by full or partial replication of DNA, 

but have not undergone mitosis (e.g [4]). This observation, along with the finding of mitotic 

proteins in neurofibrillary tangles, has led to the mitotic hypothesis. This theory posits that 

in AD, neurons move into the cell cycle but progression into mitosis is incomplete leading to 

apoptosis and subsequent neurodegeneration. Abnormalities in the cell cycle are a 

neuropathological quality conserved among early-onset familial AD and late-onset sporadic 

AD [5]. Other studies have shown that markers of cell cycle abnormalities may precede the 

accumulation of plaques and tangles and may account for biochemical, neuropathological, 

and cognitive changes seen in patients with AD.

Neurofibrillary tangles contain mitotic proteins that include cyclin-dependent kinase 18 

(CDK18 also known as PCTAIRE3) [6]. CDK18 a member of the cdc2 protein kinase family 

and helps in gene stability during replication [7]. Although its precise cellular role in has not 

yet been determined, by analogy with its close family member, CDK16 (PCTAIRE-1) it is 

assumed to play a pre-mitotic as well as post-mitotic role. In disease patient samples, 

CDK18 is found to be concentrated within neurofibrillary tangles. CDK18 is found at 

elevated levels in the temporal cortex, the primary area of neurofibrillary tangles 

accumulation, of patients with AD as compared to healthy controls. Previously published 

data have suggested that overexpression of CDK18 may indirectly cause the T231 and S235 

sites on tau to become phosphorylated, leading to accumulation of tau proteins into 

neurofibrillary tangles [6]. Overall, the presence of CDK18 in neurofibrillary tangles is in 

accord with re-entry of cells in the cell cycle and the mitotic hypothesis.

On the cellular level, Alzheimer’s disease is associated with calcium dysfunction in neurons 

(see [8]). Changes in cellular calcium initiated by hormones and neurotransmitters are 

mediated by the Gαq/ phospholipase Cβ signaling system. Upon binding of molecules such 

as acetylcholine, dopamine, serotonin, to their specific receptor, Gαq/ PLCβ becomes 

activated leading to a series of events that result in an increase in intracellular calcium and 

changes in the activity of a host of calcium-sensitive proteins [9, 10]. Of the four known 
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members of the PLCβ family, PLCβ1 is most prominent in neuronal tissues and is the most 

sensitive to stimulation by Gαq. PLCβ1 deficiencies have been found in patients with 

neurological disorders such as epileptic encephalopathy [11], and knock-out mice confirm 

and recapitulate the findings [12, 13]. PLCβ1 is associated with the growth of neurites and 

synaptic plasticity in rat cortex [14, 15] and PLCβ1 mutations and deficiencies underlie a 

large number of neurological and psychiatric problems, including, memory loss, 

schizophrenia, impaired reality [16] and hot/cold sensitivity (see[17]). In knockout mice, 

PLCβ1 mutations impact spatial memory, social behavior, and the ability to filter redundant 

information from environmental stimuli [18]. Our own studies in cultured neuronal cells 

show that the loss of PLCβ1 promotes the aggregation of α-synuclein [19] whose 

intracellular inclusions fibrils give rise to Parkinson’s disease [20–29].

While the broad impact of PLCβ1 is thought to be traced to its role in mediating calcium 

signal from signals from Gαq activation, recent work suggests that the role of PLCβ1 is 

more complex. Besides its classic role in generating calcium signals through its localization 

on the plasma membrane, PLCβ1 also has an atypical cytosolic localization [30]. This 

cytosolic population interacts with unique partners that regulate RNA-induced silencing and 

the cell cycle [31–34]. PLCβ1 impacts the cell cycle of neuronal cells by binding to cyclin-

dependent kinase 16 (CDK16 or PTCAIRE1) [32], a close relative of CDK18 [35]. In this 

study, we show that PLCβ1 has the ability to mediate tau aggregation through its plasma 

membrane population that transduces calcium signals from neurotransmitters, and also 

through its cytosolic population that binds CDK18. These two mechanisms work together to 

help reduce tau aggregation.

Materials and Methods

PC12 Cell Culture and Differentiation—

PC12 cells were purchased from American Tissue Cell Culture (ATCC) and cultured in 

DMEM (Gibco) with 10% horse serum from PAA (Ontario, Canada), 5% FBS (Atlanta 

Biological, Atlanta, GA), and 1% penicillin/streptomycin. Cells were incubated in 37 °C, 

5% CO2, and 95% humidity. Differentiation was carried out a medium of 1% horse serum, 

1% penicillin/streptomycin and initiated by the addition of nerve growth factor (NGF) from 

Novo protein. Medium was changed every 24 h.

Plasmids.

eGFP-tau-BiFC (pmGPF10C-Tau) was prepared by Henri Huttunen and purchased from 

Addgene, Cambridge, MA (plasmid #71433 and 71434; RRID:Addgene_71433 and 71434) 

as described [36]. siRNA(PLCβ1) was the pooled mixture of 4 siRNAs (GE Dharmacon, 

Lafayette, CO). The negative control siRNA, MISSION® siRNA Universal Negative 

Control, was from Sigma Aldrich cat# SIC001. CDK18 was prepared by William C Hahn 

MD, PhD from the Dana Farber Cancer Institute, and purchased from Addgene. The gene 

was cloned into pmCherry-C1 vector (Addgene) and designing new cloning sites at HINDIII 

and XbaI and inserting it into the vector using forward primer 

ttagtcGAATTCTatgatcatgaacaagatgaag and reverse primer 

agttgaTCTAGAtcagaagatgctctgccgcct.
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Reagents—

All chemical reagents were diluted as per manufacturer’s specifications. In particular, 

carbamylcholine chloride (carbachol from Sigma Aldrich (St. Louis, MO)) was diluted using 

DI water for a final concentration of 5mM. Similarly, Calcium Orange (ThermoFisher 

Scientific, Waltham, MA) and [6-((17β−3-Methoxyestra-1,3,5(10)-trien-17-

yl)amino)hexyl]-1H-pyrrole-2,5-dione (U73122 from Sigma Aldrich) were diluted using 

DMSO for a final stock concentration of 2 mM and 1 mM respectively.

Transfection—

Plasmid transfections were accomplished using Lipofectamine 3000 (ThermoFisher 

Scientific, Waltham, MA) as recommended by the manufacturer. Transfection of siRNAs 

was also carried out using Lipofectamine 3000.

Western Blotting—

Samples were placed in 6-well plates and collected in lysis buffer that included Nonidet 

P-40 and protease inhibitors. After SDS-PAGE electrophoresis, protein bands were transfer 

to nitrocellulose or PVDF membranes (Hercules, CA). Primary antibodies to PLCβ1 (D-8), 

Tau (Tau 46) and β-actin were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). 

After incubation with primary antibodies, the western blots were washed and incubated with 

anti-Mouse (Santa Cruz) or anti-Rabbit (Sigma) secondary antibody. The blots were then 

washed 3 times for 10 minutes and imaged using an Azure imager. Bands were measured at 

several sensitivities to ensure the intensities were in a linear range and avoid detector 

saturation. Data were analyzed using Image J in grayscale plot profile. Bands were 

normalized to loading control.

Confocal Imaging—

Cells were seeded in poly-D-lysine coated glass-covered dishes from MatTek (Ashland, 

MA). Images were acquired using Zeiss 510 meta confocal microscope. Data were analyzed 

using, LSM software and Image J software. Extended imaging was carried out using an 

environmental chamber set at 37°C and 5% CO2 where images were collected every 20 

minutes. Carbamylcholine chloride (Carbachol) and [6-((17β−3-Methoxyestra-1,3,5(10)-

trien-17-yl)amino)hexyl]-1H-pyrrole-2,5-dione (U73122) were obtained from Sigma 

Aldrich (St. Louis, MO).

Fluorescent plate reader assays.

Cell were seeded in 48 well tissue culture plates, well are separated in to 3 sections, and 

transfected with negative control siRNA, GFP-tau-BiFC and siRNA PLCβ1. After 48 hours 

of incubation, the fluorescence of the cells is quantified by a Perkin Elmer Victor3 Plate 

reader using an excitation of 488 nm at an emission of 525 nm.

Calcium imaging.

Cells were plated on glass bottom dishes (MatTek, Ashland, MA) and transfected with cells 

with siRNA(PLCβ1) or negative control siRNA. After 24 hours, cells were transfected with 

the two plasmids comprising eGFP-tau-BiFC. After 48 hours, cells were labeled with 
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Calcium Orange (Thermo Fisher) at a final concentration of 5uM for 30 minutes at 37°C. 

Time series of cell images after stimulation with 5uM carbachol were carried out on a Zeiss 

LSM 510 Meta.

FRET/FLIM-Fluorescence imaging

FLIM measures Förster resonance energy transfer (FRET) by the decrease the fluorescence 

lifetime of a FRET donor molecule due to transfer of energy to an acceptor. Here, we excite 

the donor with intensity modulated light, and measure the shift in the phase of the emitted 

light, and the reduction in modulation for each individual pixel of the image and plot them 

on a phasor plot. These values change significantly in the presence of a FRET acceptor. The 

phasor plot is a combined graphical representation of all the raw FLIM data in a vector 

space. The phasor space is constructed by using two phasor vectors (G,S), where each 

component is represented as shown in Eq.1:

gx, y ω = mx, ycos φx, y    and   sx, y ω = mx, ysin φx, y (1)

mx,y and φx,y are the modulation ratio and the phase delay measured for a particular 

modulation frequency (ω) at a pixel location (x,y). For a single lifetime population, the 

values from all of the pixels will fall on the phasor arc with longer lifetimes displayed to the 

left and shorter lifetimes, to the right. Since FRET shortens donor lifetimes, FRET will 

manifest itself by moving the (g(ω),s(ω)) data point to the right. For a mixed population of 

donor molecules, some of which undergoing FRET, the resulting phasor points localize 

inside the phasor arc [37]. Distributions inside the phasor arc therefore indicate FRET 

transfer and, hence, association of the two labeled proteins. The lifetime of an individual 

pixel can be calculated by:

τx, y = 1
ω

sx, y
gx, y

(2)

For our experiments, we used green fluorescent donors (such as eGFP, enhanced Green 

Fluorescent Protein) or yellow fluorescent donor eYFP with red fluorescent proteins such as 

mCherry and dsRed acting as the FRET acceptors.

FLIM/FRET was performed by acquiring images of live cells plated on MatTek glass-

bottom dishes using a 2-photon MaiTai laser (Spectra-Physics, Santa Clara, CA) (excitation 

850 nm at 80 MHz) and a Nikon inverted confocal microscope in an ISS Alba System 

(Champaign, IL, USA).The Images were analyzed using ISS VistaVision and ImageJ 

software packages. Atto 425 fluorescent dye (t=3.61 ns) was used to calibrate the sample 

lifetimes.

Number and Brightness (N&B.

The Number and Brightness (N&B) analysis is a powerful tool that has been used previously 

to quantify graphically the aggregation state of diffusing proteins in living cells [38–41]. 

N&B analysis can determine of the number (N) of diff using particles within a given focal 

area and the intrinsic brightness (B) of each particle represented by pixels in an image and 

provides providing a map of brightness for every pixel using the following equation (3):
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B =
σ2 − σ0

2

I − offset
(3)

where I denotes the intensity of the signal, σ2 is the variance of the signal, σ0
2 is the readout 

noise variance of the detection electronics and offset is the detector offset. The analysis has 

been described in detail [41]. Higher variance in fluorescence is associated with higher-order 

oligomers. Therefore, the brightness vs intensity map can be used to determine the size of 

the aggregate at a given location as the brightness B can directly relate to the dimensions of 

the fluorescent molecules [38]. N&B studies were performed, by acquiring images of live 

cells plated on MatTek glass-bottom dishes using a 2-photon MaiTai laser (Spectra-Physics, 

Santa Clara, CA, USA), a Nikon inverted confocal microscope in an ISS Alba System 

(Champaign, IL,USA).The Images were analyzed using ISS VistaVision and SimFCS 4 

(Irvine, CA, USA) software packages. The analysis has been described in more detail [39, 

40]

Mass spectrometry –

Mass spectrometry measurements were carried out as previously described using the facility 

at the University of Massachusetts Medical School [42]. Briefly, cytosolic fractions were 

isolated from cells, and proteins bound to monoclonal anti-PLCβ1a (Santa Cruz, D-8) were 

separated by electrophoresis. Protein bands were isolated by cutting the gels, and proteins 

were extracted and typsinized, and loaded onto Magic C18AQ (Bruker-Michrom) and 

eluted. Ions were introduced by positive electrospray ionization via liquid junction into a Q 

Exactive hybrid mass spectrometer (Thermo Fisher). Mass spectra were acquired over m/z 

300–1750 at 70,000 resolution (m/z 200) and data-dependent acquisition selected the top 10 

most abundant precursor ions for tandem mass spectrometry by HCD fragmentation using an 

isolation width of 1.6 Da, collision energy of 27, and a resolution of 17,500.

Raw data files were peak processed with Proteome Discoverer (version 2.1, Thermo) prior to 

database searching with Mascot Server (version 2.5) against the Uniprot Rat database Search 

parameters included trypsin specificity with two missed cleavages or no enzymatic 

specificity. The variable modifications of oxidized methionine, pyroglutamic acid for N-

terminal glutamine, phosphorylation of serine and threonine, N-terminal acetylation of the 

protein, and a fixed modification for carbamidomethyl cysteine were considered. The mass 

tolerances were 10 ppm for the precursor and 0.05Da for the fragments. Search results were 

then loaded into the Scaffold Viewer (Proteome Software, Inc.) for peptide/ protein 

validation and label free quantitation. These data were analyzed using percentage of total 

spectra in Scaffold4 software before plotting with Sigma Plot 14.

Statistical Analysis—

Data were analyzed using Microsoft excel and Sigma Plot 14 statistical packages that 

included Student’s t test and one way analysis of variance.
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RESULTS

Loss of PLCβ promotes tau aggregation.

We first determined the effect of PLCβ1 down-regulation on the aggregation of endogenous 

tau in a rat neuronal-like cell line (PC12). We find that loss of PLCβ1 results in enhanced 

levels in the expression of at least two tau isoforms (Fig. 1A and Supplemental Fig. 1C). To 

support this observation, we followed the aggregation of tau tagged with bimolecular 

fluorescence complementation (BiFC) constructs in response to PLCβ1 knockdown 

(Supplemental Fig. 1A). In BiFC, one protein is tagged with a construct based on eGFP but 

missing four β strands and a second protein is tagged with the complementary strands. The 

two proteins are not fluorescent when separated but when they associate, the fluorophore is 

generated and the complex fluoresces.

We transfected the GFP-tau-BiFC proteins into undifferentiated PC12 cells and cells that 

have been treated with siRNA(PLCβ1), and monitored the amount of eGFP fluorescence on 

a microplate reader. Noting that GFP-tau-BiFC fluorescence only occurs with dimerization, 

these data (Fig 1B) show an increase in aggregation with loss of PLCβ1. Additionally, 

fluorescence microscopy images show that downregulating PLCβ1 results in increased BiFC 

fluorescence (Fig. 1C). Taken together, these studies show that loss of PLCβ1 increases in 

tau expression and results in enhanced tau aggregation.

To better define increased tau aggregation, we used number & brightness (N&B) analysis 

(see Materials and Methods). In this method, we measure both the intensity and brightness 

(B) values of eGFP-tau-BiFC molecules expressed in PC12 cells. Higher B values indicate 

the presence of oligomers whereas higher intensity values indicate molecules that 

fluorescence more efficiently, which also indicates increased formation of the eGFP-tau-

BiFC complex. The results (Fig. 2 A–B) show that down-regulating PLCβ1 organizes tau 

molecules into both higher order oligomers and more strongly fluorescing species that are 

significantly compared to control cells (Fig. 2C–D).

Inhibition of PLCβ1 partially enhances tau aggregation.

Tau aggregation is initiated by phosphorylation at distinct sites and in a distinct sequence [7, 

43]. The results of PLCβ1 knockdown indicate that tau phosphorylation and proteolysis may 

be modulated by a number of different calciumdependent enzymes that are either directly or 

indirectly linked to the Gαq/PLCβ1 signaling pathway, such as PKC, AMPK, calpain, etc. 

We tested whether the increase in tau aggregation with PLCβ1 knockdown is attributed to its 

role in mediating calcium signals using the PLC inhibitor U73122. Note this is chemical 

inhibits all cellular forms of PLC.

We first monitored changes in N&B of eGFP-BiFC-tau expressed in undifferentiated PC12 

cells with U73122, and find that inhibition of PLCβ1 results in a significant increase in the 

average B values (Fig. 2B). This increase indicates a rise in the levels of tau oligomers. 

Although the trend is similar to the increase seen for PLCβ1 knockdown, it is not as large. 

Additionally, the average eGFP-tau-BiFC intensity with U73122 treatment did not differ 

from control (Fig. 2C). These studies suggest that PLCβ1 has additional mechanisms that 

affect tau aggregation.
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Tau aggregation is diminished by Gαq activation / Ca2+ levels.

We carried out studies to determine whether tau aggregation is effected by neurotransmitter 

activation of Gαq. First, we measured changes in eGFP–tau-BiCF aggregation with the 

addition of carbachol, which is a stable form of acetylcholine. We find that carbachol 

diminishes the intensity of eGFP-tau-BiFC indicating a reduction in GFP-tau-BiFC dimers 

(Fig. 3A). Since this reduction may involve changes in calcium due to Gαq activation, we 

followed the correlation between eGFP-tau-BiFC intensity and intracellular calcium levels, 

as measured by a fluorescent calcium sensor, Calcium Orange, in real time. We find a clear 

inverse correlation between the two (Fig. 3B) suggesting that elevated calcium diminishes 

tau aggregation.

PLCβ1 interacts with tau during G2/M cell phase.

As noted in the Introduction, the neurofibrillary tangles of AD patients contain mitotic 

proteins. With this in mind, we tested whether the impact of PLCβ1 on tau aggregation 

differs in the G1 versus the G2/M phase. For these studies, we transfected cells with control 

siRNA or siRNA (PLCβ1) where the efficiency of down-regulation was slightly less than the 

studies above (compare Supplemental Fig. 1A versus 1B), which we believe is due to 

differences in lots of the reagents. After 48 hrs, we serum starved the cells to arrest them in 

the G1 phase, or treated them with the CDK1 inhibitor R0336 to arrest the cells in the G2/M 

phase. We find that down-regulating PLCβ1 increases tau aggregation in the G2/M phase but 

not in the G1 phase (Fig. 4A). This result is corroborated by a study where we isolated the 

cytosolic fraction of undifferentiated PC12 cells arrested in the G2/M phase and in the G1 

phase, pulled-down PLCβ1 with a monoclonal antibody and identified the bound proteins by 

mass spectrometry. These results show that PLCβ1 pulls down tau in G2/M phase but not 

during G1 phase. (Fig 4B).

PLCβ1 binds to CDK18 during G2/M phase.

We screened the PLCb1 pull-down studies for mitotic proteins and found that in the G1 

phase PLCβ1 pulls-down a kinase that plays a role in maintaining cell proliferation, CDK16 

(see [32]), and in the G2/M phase PLCβ1 pulls down the mitotic protein CDK18 (Fig. 4B). 

CDK16 and CDK18 are highly homologous enzymes [35]. We have previously reported that 

PLCβ1 binds to CDK16 and inhibits kinase activity [32]. The high conservation of the 

kinase domains of CDK16 and CDK18 suggests that PLCβ1 will similarly inhibit CDK18. 

Although the exact function of CDK18 has yet to be described, a study reported that CDK18 

indirectly promotes tau phosphorylation and that CDK18 is one of the mitotic proteins found 

in degenerative plaques in AD patients [6].

We verified that PLCβ1 and CDK18 associate in undifferentiated PC12 cells by Förster 

resonance energy transfer studies (FRET) as determined by fluorescence lifetime imaging 

(FLIM), see Materials and Methods. Here, we detect FRET by the reduction in the 

fluorescence lifetime of the donor (i.e. enhanced green fluorescent protein or eGFP) caused 

by the transfer of energy to FRET acceptor (i.e. mCherry). To this end, we transfected 

undifferentiated PC12 cells with eGFP-PLCβ1 and measured the reduction in lifetime in the 

presence of mCherry-CDK18 or free mCherry control. The lifetime measured in each pixel 

of the image can be plotted in polar coordinates to directly show reduced lifetimes that 
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correspond to FRET by movement of the values inside the phasor arc (Fig.5A–C). The 

compiled lifetime data show that association between PLCβ1-CDK18 is very limited in 

unsynchronized cells that are predominantly in the G1 phase but becomes much higher when 

cells are arrested in the G2/M phase. This increased association is most likely due to the 

higher level of expression of both proteins in the M phase (Fig.5D, Supplemental Fig. 1D). 

These FRET results in conjunction with the previously reported FRET studies between 

PLCβ1 and CDK16 also corroborate the findings from mass spectrometry indicating that 

PLCβ1 binds to CDK16 during G1 phase and to CDK18 interactions occur primarily during 

G2/M phase (Fig.5E).

DISCUSSION

In this study, we have shown that PLCβ1 impedes tau aggregation by two mechanisms: 

regulation of intracellular calcium and association with CDK18. Although not believed to be 

the determinant of Alzheimer’s disease, tau aggregation is main contributor. Tau has several 

truncated forms and its aggregation depends on the degree of phosphorylation and the 

pattern of the phosphorylation sequence [44]. Tau interacts with microtubules that stabilize 

the cell cytoskeleton including neuronal synapses [45]. Once phosphorylated, tau aggregates 

into intracellular particles that are thought to precede the formation of neurofibrillar tangles. 

Here, we monitored aggregation as an indirect effect of phosphorylation of a tagged tau 

construct.

Alzheimer’s disease involves complex and interconnected signaling pathways that involves 

multiple cell compartments including mitochondria [46]. Here, we focused on the Gαq/

PLCβ pathway that is activated in response to neurotransmitters to increase intracellular 

calcium. Disruption of calcium homeostasis is associated with neuronal dysfunction. Our 

studies show a clear inverse correlation between cellular calcium levels and tau aggregation: 

stimulation of Gαq shifts tau to a less aggregated state, while inhibiting PLCβ1 shifts tau to 

a more aggregated state. Surprisingly, cells treated with siRNA(PLCβ1) showed a dramatic 

increase in eGFP-tau-BiFC aggregation that far exceeds the level seen by inhibiting PLCβ1 

activity. This enhanced response led us to investigate other mechanisms through which 

PLCβ may contribute to tau aggregation.

Previous studies have shown that PLCβ1 has a cytosolic population that binds proteins 

involved in pathways that are distinct from Gαq. Our recent studies identified CDK16 as a 

binding partner of PLCβ1 in unsynchronized PC12 cells and found that PLCβ1 inhibits 

CDK16’s ability to phosphorylate and inactivate an inhibitor of cell cycle progression thus 

preventing progression through the cell cycle. Here, we show that when cells are arrested at 

the G2/M phase boundary, PLCβ1 no longer binds CDK16 but instead binds a close family 

member, CDK18. This transfer of PLCβ binding partners is thought to be due to changes in 

the local availability for PLCβ1 binding.

CDK18 is found in neurofibrillary tangles along with phosphorylated tau and has been 

implicated to indirectly promote tau phosphorylation [6]. While PLCβ1 is not expected to 

bind CDK18 in the G1 phase, if neurons reenter the cell cycle, then the activity of CDK18 

could be inhibited by cytosolic PLCβ1. Down-regulating PLCβ1 would allow for CDK18 
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activity promoting tau aggregation, and reducing calcium levels may synergize these effects. 

Alternately, elevation of other PLCβ1 binding partners, such as Gαq may compete with 

CDK18 for PLCβ1 binding and enhance calcium signals. While mores studies are needed to 

understand the precise role of the plasma membrane and cytosolic populations of PLCβ1 on 

AD pathology, our studies show that approaches that increase PLCβ1 levels of may be 

beneficial in reducing the formation of neurofibrillary tangles.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• Alzheimer’s disease is typified by calcium dysfunction and tau aggregates.

• Gαq/PLCβ signaling pathway generate calcium signals.

• Down-regulating PLCβ significantly increases tau protein expression and 

aggregation.

• Inhibiting PLCβ activity results in a modest enhancement of tau aggregation.

• PLCβ binds to CDK18 promoting tau phosphorylation and aggregation.
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Figure 1: Loss of PLCβ promotes tau expression:
A) Western blot analysis of PC12 cells treated with negative control siRNA or 

siRNA(PLCβ1) and blotted with anti-tau and anti-actin antibodies. B) eGFP intensities in 

arbitrary units (a.u.) of PC12 cells expressing eGFP-Tau BiFC and treated with negative 

control siRNA or siRNA(PLCβ1) and quantified on a Perkins Elmer plate reader. The 

intensities are normalized to those obtained for PC12 cells overexpressing untagged eGFP 

(n=32, **= p=<0.001). C) Representative images of PC12 cells expressing eGFP-Tau-BiFC 

and treated with negative control siRNA or siRNA(PLCβ1) imaged on a Nikon Ti 

microscope equipped with a 2-photon Mai Tai laser. The scale bars to right of the images 

indicate a heat-map eGFP intensity of each individual pixel of the cell image. Scale bar= 

10μm
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Figure 2: Loss or inhibition of PLCβ1 promotes tau aggregation:
N&B results plotted as Brightness vs Intensity plot in arbitrary units (a.u.) of eGFP-tau-

BiFC in PC12 cells treated with negative control siRNA (A) or siRNA(PLCβ1) (B) where 

individual pixels are highlighted either in a light blue (low intensity and brightness), green 

(high intensity) or a yellow box (high brightness) (left panels). The distribution of these 

highlighted pixels are overlaid on representative cells (right panels). C) The average 

brightness (B) or average intensity (D) of eGFP-tau-BiFC expressed in PC12 cells treated 

with negative control siRNA alone, with 1 uM PLC inhibitor U73122, or treated with 

siRNA(PLCβ1) (n≥6 across two individual experiments, **= p<0.001, * p=0.004 in (C) and 
p=0.01 in (D)).

Garwain et al. Page 15

Cell Signal. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Tau aggregation is modulated in part by Gαq activity:
A) Intensities of eGFP-tau-BiFC expressed in PC12 cells under basal conditions, 10 minutes 

after treatment with 5 μM carbachol and 20 mins after a second treatment with 1 μM PLC 

inhibitor U73122 (n=13, p=0.009). B) eGFP-tau-BiFC intensity and Calcium Orange 

intensities in labeled PC12 cells after stimulation with 5 μM carbachol (n=10).
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Figure 4: PLCβ1 interacts with tau during G2/M cell phase:
A) The average Brightness (B) values of PC12 cells expressing eGFP-tau-BiFC treated with 

either negative control siRNA or siRNA(PLCβ1) that were cell-cycle arrested in G1 or 

G2/M phases by serum-starvation or treatment with 10 μM CDK inhibitor R03306 (n≥8 
across two individual experiments, * p=0.005). C) Result from a mass spectrometry analysis 

of tau and mitotic proteins complexed with PLCβ1 using an antibody pull-down. The graph 

shows the percent coverage of tau, CDK16 and CDK18, as calculated by dividing the 

number of amino acids in all found peptides by the total number of amino acids in the entire 

protein sequence, from PC12 cells arrested in G1 or in G2/M phases.
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Figure 5: PLCβ1 binds to CDK18 during G2/M phase:
A) A phasor plot (left) and false color image of a representative PC12 cell (right) of eGFP-

PLCβ1. The phasor plot shows that eGFP-PLCβ1 has a single fluorescent lifetime indicated 

by a homogenous population on the phasor arc. The pixels included in the magenta circle of 

the phasor plot (lifetime center= 2.56 ns) are false colored magenta and overlaid on an image 

of the cell (right), demonstrating a uniform lifetime throughout the cell. B) Similar study as 

in (A) except that in these cells, the FRET acceptor mCherry-CDK18 is co-expressed with 

eGFP-PLCβ1. The occurrence of FRET is seen by movement of the lifetimes of the pixel in 

the image towards the inside of the arc corresponding to reduced lifetime values due to 

FRET. The pixels included in the magenta circle of the phasor plot (lifetime center= 2.56 ns) 

are false colored magenta and overlaid on an image of the cell (right) showing the non-

FRET populations. C) EGFP-PLCβ1 lifetimes of PC12 cells expressing eGFP-PLCβ1 alone, 

with untagged mCherry or with mCherry-CDK18 in unsynchronized cells and cells arrested 

in M phase where decreases in lifetimes are due to FRET (n=8, **= p<0.001). D) Western 

blot analysis of PC12 cells that are either unsynchronized or arrested at G1, G2/M, and M 

phases and blotted with anti-PLCβ1, anti-CDK18 and anti-actin antibodies. E) EGFP-

PLCβ1 lifetimes of PC12 cells expressing both eGFP-PLCβ1 alone or with mCherry-

CDK18, in either unsynchronized or arrested in G2/M phase. (**= p<0.001, n>=10).
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