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Abstract

Proteasomal degradation of intrinsically disordered proteins, such as tau, is a critical component 

of proteostasis in both aging and neurodegenerative diseases. In this study, we investigated 

proteasomal activation by MK886 (MK). We previously identified MK as a lead compound 

capable of modulating tau oligomerization in a cellular FRET assay and rescuing P301L 

tau-induced cytotoxicity. We first confirmed robust proteasomal activation by MK using 20S 

proteasomal assays and a cellular proteasomal tau-GFP cleavage assay. We then show that 

MK treatment can significantly rescue tau-induced neurite pathology in differentiated SHSY5Y 

neurospheres. Due to this compelling result, we designed a series of seven MK analogs to 

determine if proteasomal activity is sensitive to structural permutations. Using the proteasome as 

the primary MOA, we examined tau aggregation, neurite outgrowth, inflammation, and autophagy 

assays to identify two essential substituents of MK that are required for compound activity: (1) 

removal of the N-chlorobenzyl group from MK negated both proteasomal and autophagic activity 

and reduced neurite outgrowth; and (2) removal of the indole-5-isopropyl group significantly 

improved neurite outgrowth and autophagy activity but reduced its anti-inflammatory capacity. 

Overall, our results suggest that the combination of proteasomal/autophagic stimulation and anti-

inflammatory properties of MK and its derivatives can decrease tau-tau interactions and help 

rebalance dysfunctional proteostasis. Further development of MK to optimize its proteasomal, 
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autophagic, and anti-inflammatory targets may lead to a novel therapeutic that would be beneficial 

in aging and neurodegenerative diseases.

Keywords

Proteasome; Tau; Neurite outgrowth; FRET; Proteostasis; Drug discovery

Introduction

Cellular protein homeostasis, or proteostasis, is a common driver of pathology in aging 

and neurodegeneration [1]. The proteostasis network maintains proper protein folding, 

assembly, and degradation through a complex interplay of chaperones, proteolytic systems, 

and regulatory elements. Increasing evidence suggests that deterioration in this network—

either through mutations or other cellular stresses—leads to the accumulation of aggregated 

proteins. This buildup of misfolded proteins can reorganize into proteotoxic substrates (e.g., 

oligomers or fibrils), a process that is central to the pathogenesis of Alzheimer’s disease 

(AD) and related neurodegenerative diseases [2–4].

Misfolded oligomeric and aggregated tau proteins have been shown to disrupt cellular 

proteostasis [5, 6]. Inhibiting their formation or enhancing their clearance has been the 

target of multiple therapeutic discovery campaigns for AD [7–9]. Previously, our group 

identified MK886 (MK) as a lead compound capable of modulating tau misfolding and 

oligomerization in a cellular fluorescence-lifetime förster resonance energy transfer (FLT-

FRET) high-throughput screen [10]. MK directly binds to recombinant tau and rescued 

SHSY5Y cytotoxicity induced by overexpression of either wildtype (WT) or P301L tau [10]. 

Although we observed direct tau engagement of MK to recombinant tau protein, the cellular 

mechanism of action (MOA) for MK could be a combination of direct tau engagement or 

other indirect targets; the nature of which was not thoroughly explored in that study.

MK was developed as a drug candidate to target leukotriene biosynthesis and was shown to 

be a potent inhibitor (IC50 of 3nM) of a key chaperone, 5-lipoxygenase-activating protein 

(FLAP) [11–14]. However, in a study investigating amyloidbeta (Aβ) induced toxicity 

in neuroblastoma cells, MK was shown to rescue Aβ induced cell death by increasing 

proteasomal activity and preventing Aβ accumulation [15]. Proteasomal activation by MK 

likely occurs through the 20S proteasome. The 20S is the proteolytic core particle of 

26S proteasome and is recognized as the protease most suited for degrading intrinsically 

disordered proteins (IDP), like Aβ and tau [16, 17]. Due to its unstructured nature, tau is 

readily degraded by the 20S proteasome without the need for ubiquitination or unfolding by 

the 19S or 26S proteasome. Indeed, MK was identified as a proteasomal activator (with an 

EC50 of 32 μM) in a drug screen using a recombinant 20S proteasome cleavage assay [18]. 

The proteasomal stimulation by MK was confirmed using LC-MS and further validated in 

cellulo with GFP cleavage from a GFP-alpha synuclein fusion protein [18, 19].

In this study, we investigated the proteasomal MOA of MK and then explored the effects 

of proteasomal stimulation on neurite outgrowth and tau aggregation. We first validated the 

proteasomal activation of MK in a 20S core particle assay and then established a baseline 
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for the proteasomal stimulation by MK in HEK293T and SHSY5Y cells. In addition to 

the 20S proteasome assays, we confirmed proteasomal stimulation by MK in cellulo by 

evaluating GFP cleavage from a tau-GFP fusion protein expressed in HEK293T cells. We 

then evaluated the effects of proteasomal stimulation in a more pathologically relevant 

neurite outgrowth model, which we developed using differentiated SHSY5Y neurospheres 

(SHNS) expressing wildtype (WT, 2N4R) tau. As expected, we observed robust proteasomal 

activity from MK and in subsequent assays show that MK was able to significantly rescue 

tau-induced neurite pathology and decrease tau aggregation in our FLT-FRET biosensor.

Due to these results, we expanded our scope of study to a series of seven MK analogs 

to understand how structural variations to the MK scaffold can alter proteasomal activity. 

From these seven derivatives, we identified both activators and inhibitors of the proteosome. 

In addition to proteasomal stimulation, MK and the analogs may also be acting through 

other proteostasis-related MOAs. Thus, we explored the effects of MK and a subset of 

analogs on rescuing tau-induced deficits in an autophagy biosensor as well as targeting the 

inflammatory pathway through FLAP and NF-κB inhibition. We demonstrate that analogs 

which were proteasomal activators exerted a neuroprotective role in promoting neurite 

outgrowth and reducing tau aggregation, while inhibitory compounds were more detrimental 

to neuronal projections and had reduced effects on tau aggregation and autophagy. Taken 

together, our findings suggest that further development of MK can potentially lead to the 

discovery of a novel therapeutic that can improve the encumbered proteostasis in aging and 

neurodegenerative diseases.

Results

MK Evaluation

Synthesis of MK—MK886 was synthesized in-house using the synthetic route described 

in Supplemental Scheme S1 [20]. The approach employed exploits the classic Fischer indole 

synthesis using the appropriately substituted phenylhydrazine and ketone precursors to arrive 

at the final product in 42% overall yield in > 95% purity.

Evaluation of Proteasomal Activity of MK—Prior studies have shown that tau can be 

degraded through the 20S proteasome [19, 21, 22] and that MK can stimulate proteasomal 

activity as a true agonist of the 20S proteasome [18, 23]. We first confirmed that MK 

generated a robust response in 20S activity at most concentrations tested. Measurements 

taken at the end of the assay show that concentrations of MK between 2 and 100 μM 

significantly increased the amount of AMC that was cleaved compared to 20S alone 

(Supplemental Figure S1). We then adapted a previously developed in cellulo GFP cleavage 

assay [18, 24] to monitor tau catabolism using a tau-GFP fusion protein. Due to its 

unstructured nature, the tau portion of the fusion protein is easily degraded by 20S 

proteasome whereas the GFP is left intact due to the inability of the 20S proteasome to 

degrade its highly stable β-barrel structure without additional modifications. Therefore, the 

amount of cleaved GFP can be used to approximate the amount of tau proteolysis that has 

occurred [25].
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Using this cellular proteasomal assay, we evaluated the proteasomal-stimulating potency 

of MK in the cellular environment. HEK293T cells were transfected for 48 h with a 

tau-GFP construct then incubated with 20 μM MK for 20 h. Immunoblots probing for 

GFP and tau (Fig. 1a) and their quantification (Fig. 1b) confirm that MK significantly (p 
< 0.0001) increased the amount of cleaved GFP in the cells. In our cellular model of tau 

overexpression, we do not expect to see a large depreciation in the amount of tau over 

the duration of the in cellulo GFP cleavage assay due to the high amount of protein in 

constant production by the HEK293T cell line. However, MK treatment did increase the 

amount of shorter tau fragments that were detected by immunoblots. Since there is very little 

endogenous tau in HEK293T, the immunoblot bands correspond to the full-length tau-GFP 

fusion protein and various cleavage products due to proteasomal activity and potentially 

other proteostasis pathways.

MK Increased Neurite Outgrowth from SHSY5Y Neurospheres (SHNS)—We next 

evaluated the effects of proteasomal activation by MK in a more physiologically relevant 

model. SHSY5Y neuroblastoma cells were initially assessed for their response to MK using 

a cellular lysate proteasomal assay. SHSY5Y have lower proteasomal capacity and had a 

smaller dynamic range compared to HEK293T (Supplemental Figure S2). The HEK293T 

cells showed maximal activity at 20–40 μM drug concentrations, while SHSY5Y cells 

showed maximal activity at 0.5–2 μM concentrations. These differences in proteasomal 

capacity require adjustments to the treatment conditions for specific cell lines, as high 

concentrations of MK can increase oxidative stress and lead to cellular apoptosis [26–29].

Using differentiated SHSY5Y cells, we developed a pathologic neurite outgrowth model 

to evaluate the neuronal development and degeneration due to tau overexpression. Neurite 

outgrowth is a common assay used to assess neuronal health and to examine neurotrophic 

factors and environments that are conducive for neurite extension. Understanding the 

mechanisms that contribute to dynamic neurite outgrowth can elucidate the factors that 

contribute to neurodegeneration when a pathologic insult is applied. The 3D environment of 

the neurospheres greatly enhances differentiation capacity of the SHSY5Y and allows the 

formation of more mature and complex morphologies [30].

SHSY5Y were transfected with empty vector (EV) or WT 2N4R tau (unlabeled). After 

transfection, the SHSY5Y were cultured in suspension using a modified differentiation 

protocol [31–33], to encourage differentiation into dopaminergic neurons within 3D 

neurospheres. Neuronal-like cells are easily visualized within and on the surface of the 

neurospheres when the cells express Tau-GFP (Supplemental Figure S3a–b). After a 

10-day differentiation period, the SHSY5Y neurospheres (SHNS) express markers for 

mature neurons (e.g., NeuN, β(III)-tubulin, tyrosine hydroxylase (TH), and synaptophysin; 

Supplemental Figure S3c–d). SHNS were then plated onto poly-L-lysine/laminin-coated 

plates and treated with compounds for the evaluation of neurite outgrowth.

Figure 1c presents representative SHNS expressing EV or tau that were stained for β(III)-

tubulin to high-light the neurites and DAPI to label the nuclei within the SHNS bodies. 

Quantification of the SHNS average neurite length (Fig. 1d) indicates that tau expression 

significantly (p < 0.05) decreased neurite outgrowth from the SHNS. The neuronal processes 
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from tau expressing SHNS were shorter and slightly more dystrophic. This finding is 

corroborated by another study in which overexpression of tau in neuroblastoma cells 

resulted in decreased neurite length and impaired mitochondrial and vesicle transport [34]. 

Tau overexpression has also been shown to significantly downregulate BDNF expression 

[35], a neurotrophic factor that is essential for neurite development and synaptic plasticity 

[36, 37] in both SHSY5Y cells and transgenic mice. We have previously shown that MK can 

protect SHSY5Y cells from P301L tau-induced cytotoxicity with in IC50 of 0.5 μM [10]. 

With 2 μM MK treatment, there is a dramatic increase in neurite outgrowth and process 

density from the tau SHNS compared to DMSO controls. MK significantly rescued the 

neuronal projections from tau-expressing SHNS (p < 0.001), recovering to levels on par with 

EV-expressing controls (Fig. 1d). Furthermore, immunoblots of Tau-GFP expressing SHNS 

treated with MK significantly reduced the amount of introduced tau (Supplemental Figure 

S3e–f), illustrating that treatment with MK can stimulate the degradation of tau.

Synthesis of MK Derivatives—We then designed a small set of MK analogs to 

determine if the proteasomal activity is sensitive to structural permutations and to ascertain 

if MK is a good scaffold for a future structure-activity relationship campaign. We chose the 

N-chlorobenzyl, S-tert-butyl, indole-5-isopropyl, and the carboxylic acid as areas of interest 

to modify and generated seven analogs (Fig. 2) using the aforementioned synthetic route 

for MK886 (Supplemental Scheme S1). Dynamic light scattering nanoparticle analysis was 

conducted on MK, 1H, and 5H to determine compound solubility at 20, 50, and 100 μM 

(Supplemental Figure S4).

Evaluation of MK Derivatives Using the in Cellulo Proteasomal GFP Cleavage 
Assay—Using the same in cellulo proteasome GFP cleavage assay described above, we 

assessed the ability of MK analogs to cleave GFP from tau-GFP fusion proteins and 

compared them to the baseline established by MK. HEK293T cells expressing the tau-GFP 

construct were incubated with the MK analogs at 20 μM concentrations for 20 h. The 

cumulative results from triplicate experiments are shown in Fig. 3 (and Supplemental Figure 

S5a with replicate immunoblots presented in Supplemental Figure S6). One derivative, 5H, 

significantly (p < 0.001) stimulated proteasomal activity compared with DMSO-treated 

controls, indicating that the removal of indole-5-isopropyl group is well tolerated and 

conserves proteasomal activity. Interestingly, replacing the isopropyl with a phenoxy (OPh) 

instead greatly diminished this activity. The indole N-substitution played a rather pivotal role 

to the proteasomal function as demonstrated in the contrasting activity profile of bPh and 

1H. Extending the N-substituent from chlorobenzyl to phenylbenzyl in bPh, led to slightly 

increased GFP cleavage, albeit the results were not significantly greater than controls (p 
= 0.08). In contrast, cells treated with analog 1H, with the chlorobenzyl group removed, 

had significantly (p < 0.05) lower amounts of cleaved GFP than DMSO control. The 

amount of cleaved GFP from the treatment of this compound was comparable to the amount 

of cleaved GFP in the presence of MG132 and bortezomib (BTZ), known proteasomal 

inhibitors (Supplemental Figure S5). The remaining derivatives (Amide, SBn, and SEt) had 

significantly lower GFP cleavage compared to MK (Supplemental Figure S5), indicating that 

both S-tert-butyl and the carboxyl groups also contributed to MK’s proteasomal activity in 

this assay.
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Further evaluation of MK, 1H, and 5H was done with co-treatment of a sublethal dose of 

BTZ, 5 nM BTZ for 20 h [38]. Here we observed that BTZ significantly reduced the amount 

of 20S activity to an amount even lower than with MG132 inhibition (Supplemental Figure 

S5c). GFP cleavage with BTZ and MK, 1H and 5H co-treatment was also significantly 

reduced, indicating that GFP cleavage is primarily due to 20S proteasomal activity.

The proteasomal impact of 1H and 5H was corroborated by 20S core particle assay 

(Supplemental Figure S1). Analysis of 1H at all concentrations tested had an inhibitory 

effect on the 20S, while concentrations of 5H at 10 μM and below had significantly higher 

activity than the 20S core particle alone. The results for 5H were further confirmed in the 

cellular lysate proteasomal assay where 5H exhibited proteasomal activity between 0.5 and 

20 μM in HEK293T cells and at 2 μM in SHSY5Y cells (Supplemental Figure S2a–b). 

Interestingly, 1H did demonstrate inhibitory activity in SHSY5Y cells, but at the lowest 

concentration (0.5 μM) it still maintained some activity in HEK2393T whole cell lysate 

(Supplemental Figure S2a) This result is in contrast with 1H’s response in the 20S core 

particle assay and suggests that a different MOA might be responsible for the cleavage of 

AMC in the HEK293T whole cell lysate, such as calpains or aminopeptidases [39].

Tau FLT-FRET Biosensor Shows MK Analogs Maintain Capacity to Reduce 
Tau-Tau Interactions—All analogs were evaluated in the same tau-tau FLT-FRET assay 

previously used to identify MK as a lead compound that attenuated FRET (increasing FLT), 

indicating a decrease in tau aggregation [10]. Our tau biosensor monitors tau-tau protein 

interactions (e.g., oligomerization) and tau conformation in cellulo via expression of WT 

(2N4R) tau fused with either donor (C-terminal mEGFP) or acceptor (C-terminal TagRFP) 

monomerized fluorescent proteins [10]. Using this tau FRET biosensor, we determined 

the FLT dose response (1nM–50 μM) for MK and all analogs (Supplemental Figure S7). 

Changes in the FLT at 50 μM compound concentration are presented in Supplemental Figure 

S8. Consistent with our previous study, MK significantly increased FLT (decreased FRET) 

relative to DMSO-treated control ((p < 0.0001); Supplemental Figure S8a). Two analogs, 

5H (p < 0.05) and bPh (p < 0.0001), also resulted in significantly larger increase in FLT 

relative to MK (Supplemental Figure 8b), whereas the remaining five analogs (1H, OPh, 

Amide, SBn, and SEt) displayed a reduced increase in FLT. All but one of the analogs, 

SBn, were still able to induce a significant increase in FLT relative to DMSO treated control 

(Supplemental Figure S8a).

Two MK analogs (1H and 5H) elicited a significant change in both proteasome activity and 

tau-tau interactions (ΔFLT). The direction of these changes is consistent with the modulation 

of proteasomal activity having a direct effect on ΔFLT. Specifically, increased proteasomal 

activity with 5H correlates to reduced FRET (increased FLT), whereas inhibition of 

proteasomal activity with 1H correlates to increased FRET (reduced FLT) relative to 

MK. This corroboration suggests that the change in FRET may result from proteasomal 

degradation of tau and corresponds to the release of free donor mEGFP, which has reduced 

protein-protein interactions with free acceptor TagRFP (compared to the affinity of tau-

mEGFP to tau-TagRFP) [10]. Interestingly, even though 1H inhibits the proteasome (Fig. 

3b and Supplemental Figure S7b) it did not induce an increase in tau-tau interaction or 

aggregation (i.e., increased FRET), which would have resulted in a negative ΔFLT. Although 
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this initially appears to be contradictory to observations of increased aggresome formation 

with disrupted proteostasis, the lack of increased FRET likely results from differences 

between the rates at which proteasome activators stimulate protein degradation and the time 

required for proteasome inhibitors to induce protein aggregation. Guthrie et al. observed 

protease inhibitor-induced recruitment of tau to aggresomes occurs over an 18-h window 

with nascent aggresomes beginning to form around 3 h [40]. In contrast, proteasome 

stimulation can induce a detectable response using fluorogenic probes within minutes of 

treatment and would have a similar response time for our tau FRET biosensors [22, 41]. 

These discrepancies are not captured in the different treatment protocols used for the 

proteasome (20-h treatment) relative to the FLT-FRET (90 min) assays.

Neurite Outgrowth with 1H and 5H Treatment—The contradistinction of 1H and 5H, 

which displayed opposing effects on proteasomal and tau aggregation activity, were further 

characterized in our SHNS assay. Neurite outgrowth from 1H- and 5H-treated SHNS also 

reflected the proteasomal effects of the compounds (Fig. 4). The neurite outgrowth from 

SHNS treated with proteasome inhibitor 1H was more truncated with altered morphologies 

compared with both control and MK-treated SHNS (Fig. 4a). Whereas treatment with 

proteasome activator 5H not only significantly increased neurite outgrowth in both EV (p < 

0.0001) and WT tau (p < 0.05) SHNS compared to EV DMSO, but also increased the neurite 

density. Interestingly, 5H also significantly increased neurite lengths over EV SHNS treated 

with MK (p < 0.001), but a corresponding increase was not observed in tau expressing 

SHNS treated with 5H (Fig. 4b). Neuronal projections from tau SHNS treated with MK 

and 5H were not significantly different (Supplemental Figure S9). These results suggest 

that the effects of 5H (e.g., significantly increased neurite growth) are subdued when tau 

is overexpressed. Since the proteasomal stimulating capacity of 5H is similar to MK and 

5H elicited a greater ΔFLT change, perhaps an additional non-proteasomal MOA may be 

involved in the SHNS tau-induced neurite deficit. To further elucidate the activity of these 

analogs we investigated the effects of MK, 1H, and 5H on autophagy and inflammation, 

alternative MOAs that may contribute to changes in tau proteostasis.

Evaluation of Autophagic Activity of MK and Analogs 1H and 5H—Interaction 

between the proteasome and autophagy is essential to maintaining cellular homeostasis. We 

investigated this association by evaluating whether proteasomal stimulation or inhibition 

by MK and two analogs, 1H and 5H, could also impact macroautophagy activity. The 

compounds were evaluated using an established autophagy LC3 biosensor probe (GFP-LC3-

RFP-LC3ΔG) [42] in conjunction with tau overexpression. Endogenous Atg4 cleaves the 

fluorescent LC3 construct into equimolar GFP-LC3 and RFP-LC3ΔG. The GFP-LC3 is 

incorporated into the phagophore membrane, while the RFP-LC3ΔG remains in the cytosol 

as an internal control to determine autophagic flux [42]. If autophagy is functionally active, 

then the GFP-LC3 is degraded in the autolysosome. Therefore, the ratio of GFP/RFP 

provides an estimate of the autophagic flux; high ratio = low flux or inhibition of autophagy, 

low ratio = high flux or activation of autophagy. Characterization of the LC3 biosensor using 

known stimulators (starvation) and inhibitors (Bafilomycin A) is presented in Supplemental 

Figure S10. Tau overexpression in this LC3 biosensor resulted in an increase in the 
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GFP/RFP ratio over empty vector (EV) controls, indicating a dysfunction in autophagy 

(p < 0.05, Supplemental Figure S10).

Treatment of the LC3 tau biosensor with 10 μM MK, 1H, and 5H was conducted 

to determine if changes in proteasomal activity could rescue tau-induced dysfunctional 

autophagy. The addition of MK significantly reduced the GFP/RFP ratio (p < 0.05) in 

tau-expressing cells, indicating stimulation of autophagy (Fig. 5). Analog 5H displayed 

an even greater autophagy stimulation response compared to MK, significantly decreasing 

the GFP/RFP ratio (p < 0.001). Conversely, treatment with 1H increased the GFP/RFP 

ratio above the basal WT tau levels, but the effect was not significantly different than WT 

controls. This effect is demonstrated by the increase in the GFP signal in the cells treated 

with 1H compared to those treated with MK or 5H (Fig. 5).

An LC3 turnover assay was conducted to further verify the results from the LC3 biosensor. 

LC3 and p62 expression were evaluated with and without 24-h Bafilomycin A treatment. 

Immunoblot quantification shows that treatment with both MK and 5H resulted in greater 

accumulation of both LC3-II and p62, which indicates a higher rate of autophagic flux (Fig. 

5c). The significant accumulation of p62 and the increase of LC3-II with 5H treatment 

suggests that it is an autophagy activator. Although the flux was not significantly different 

than DMSO controls, treatment with 1H was higher than controls suggesting that an increase 

in autophagy might be compensating for inhibition of the proteasome [2, 43].

FLAP and NF-κB Inhibition by MK, 1H, and 5H—Inflammation is another component 

in the pathogenesis of neurodegenerative diseases. MK is a potent inhibitor of FLAP, a 

key chaperone in the 5-lipoxygenase (5-LO) pathway, which produces pro-inflammatory 

leukotrienes [11]. We explored the effects of MK, 1H, and 5H on FLAP expression 

in HEK293T cells. Non-immune cells, like HEK293 epithelial cells, express bioactive 

molecules that convey inflammatory signals to the immune cells as part of the protective 

immune response [44], and this response can be further modulated by inhibitors and 

stimulators [45, 46]. Untransfected HEK293T cells do not express FLAP under basal 

conditions (Supplemental Figure S11a). Seventy-two hours after transfection, Tau-GFP-

expressing cells have increased FLAP expression, presumably due to the cationic lipids 

used to facilitate DNA delivery and overexpression of tau protein. Treatment of these cells 

with a range of MK doses between 5 and 30 μM reduced the FLAP expression greater than 

fifty percent (Supplemental Figure S11b). Although at 40 μM MK concentration, the FLAP 

levels increased to a level more comparable to DMSO-treated controls. FLAP expression 

decreased slightly with increasing 1H concentrations, but even at 30 μM concentration 

it was only 20% lower than DMSO controls. Additionally, treatment with 5H was not 

effective at reducing FLAP until the 30 μM concentration. This finding suggests that both 

the N-chlorobenzyl and indole-5-isopropyl groups on MK contribute to its ability to inhibit 

FLAP, as changing these groups decreased its anti-inflammatory capacity.

The anti-inflammatory effect of MK has been also been directly linked to decreased NF-κB 

signaling [46]. NF-κB is a critical mediator of pro-inflammatory responses. Activation of 

the IκB kinase complex (IKK) leads to phosphorylation of NF-κB p65 and its subsequent 

translocation into the nucleus where it initiates pro-inflammatory gene expression. MK has 
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been shown to reduce the activation of IKK through inhibition of 5-LO. Immunoblots of 

phospho--F-κB p65 (S536) reflect that treatment with MK, 1H and 5H show some ability 

to attenuate phosphorylation of NF-κB (Supplemental Figure S11c–d). Only 5 μM MK 

treatment significantly reduced the phosphorylation state of NF-kB (p < 0.05). There is 

also a decrease in phospho-NF-κB with 15 μM 1H and 5H treatment, indicating some 

anti-inflammatory capacity for these compounds at certain concentrations but they are not as 

potent as MK.

Collectively, we observe contrasting results when comparing the overall activity profile of 

MK to the analogs 1H and 5H. Loss of N-chlorobenzyl in 1H was antagonistic in all the 

assays tested. With 5H, the removal of the indole-5-isopropyl group enhanced autophagy 

flux and decreased tau oligomerization (increased FLT), both of which exceeded MK’s 

capabilities. This resulted in significant increases in neuronal projections, but 5H was unable 

to surmount the tau-induced neurite deficit relative to 5H-treated EV. It is possible that this 

inadequacy is due to the reduced anti-inflammatory capacity of 5H.

Discussion

In our aim to further characterize MK as a proteasome activator and neuroprotective agent 

in cellular models of tauopathy, we found that modifying certain chemical moieties of 

MK resulted in distinct effects on both the proteasome and anti-inflammatory activity. 

Supplemental Table S1 presents a summary of the seven MK analogs synthesized and 

their effects on proteasome activity and other secondary assays. While 5H has comparable 

proteasomal activity to the original MK, our attempts to remove or modify other substituents 

diminished the potency of proteasomal activation. These newly introduced groups may 

hinder the ability of the analogs to stimulate the 20S proteasome. One compound in 

particular, 1H, had a large inhibitory effect on proteasomal activity. The results from our 

assays indicate that the loss of the N-chlorobenzyl group acted as a chemical switch in 

turning the proteasome activator MK into an inhibitor. This reduction in proteasomal activity 

also correlated to reductions in both neurite outgrowth and FLAP inhibition.

Engagement of the proteasome has been implicated in regulating tau aggregation. A recent 

study by Ukmar-Godec et al. found that the 20S preferentially targets the R3 repeat domain 

in tau and cleaves the PHF6 306VQIVYK311 motif, so that the digested peptides are unable 

to aggregate [47]. This finding is consistent to our ΔFLT results observed with our tau FLT-

FRET biosensor. Stimulation of the 20S proteasome by MK and select analogs increases 

the digestion of tau into potentially non-aggregating fragments (reducing FRET, increasing 

FLT). Evidence of tau cleavage can be seen in the immunoblots probing for tau in Fig. 1a 

and Supplemental Figure S5 and S6.

In neurodegenerative diseases, the production and dysregulation of IDPs can overwhelm the 

20S proteasome, creating blockage in the degradation machinery. Modifications to tau (e.g., 

acetylation, point mutations, and phosphorylation), diminish or inhibit 20S proteasomal 

degradation [47]. Under these obstructed conditions, all three branches of autophagy 

(macroautophagy, chaperone-mediated autophagy (CMA), and endosomal microautophagy) 

are recruited to remove the pathogenic tau [2, 48]. But conversely, if autophagy is inhibited, 
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then ubiquitin-proteasome flux also becomes encumbered due to the accumulation of 

p62 [49]. Compound 1H elicited inhibition of the proteasome, but the slightly increased 

autophagic flux suggests that the autophagic mechanisms may be trying to compensate for 

the proteasomal inhibition.

Crosstalk between the proteasome and autophagy-lysosomal pathways help maintain 

proteostasis within the cell and there are multiple chaperones, such as ubiquitin and p62, 

that facilitate synergism between the two proteolytic systems [50–52]. Both MK and 5H 

elicited a strong proteasomal response as well as stimulated autophagy. The enhanced 

autophagic activity of 5H over MK also corresponded with significant reduction in tau-tau 

oligomerization (reduced FRET). Since the proteasomal stimulation of MK and 5H are 

similar, this difference might signify the autophagic contribution to the degradation of 

tau and may explain the loss of tau cleavage fragments with 5H treatment seen in tau 

immunoblots (Fig. 3a). Further studies are needed to delineate the contributions of each 

proteolytic system in our experiments.

MK was developed as a potent FLAP inhibitor as its primary MOA. In this study, we 

show that changing substituents on MK can affect both FLAP and NF-κB inhibition. 

Studies have shown that targeting the 5-LO pathway is neuroprotective in models of AD 

because neuroinflammation can further aggravate neurodegeneration [53–57]. Treatment of 

transgenic mice with FLAP inhibitors and 5-LO knockout mice significantly reduced tau 

pathology and rescued synaptic integrity [58–60], suggesting that inhibiting this pathway 

can protect neurite outgrowth and synaptic function. In our experiments, compounds 

with reduced FLAP inhibition (1H and 5H) limited the length of neuronal processes, 

possibly due to a more neuroinflammatory environment where there is higher expression 

of phosphorylated NF-κB p65 when tau is overexpressed. This is further substantiated by 

the significant neurite outgrowth seen in 5H treatment of EV SHNS without excess tau. 

Collectively, these studies indicate that reduction of inflammation by MK can be beneficial 

and is another relevant target for our compounds in future studies [61].

In conclusion, our study demonstrates that proteasomal stimulation by MK and its 

derivatives can be used to compensate for the unbalanced proteostasis found in aging 

and neurodegenerative diseases. We show that proteasomal function is highly sensitive 

to structural perturbations of the MK scaffold. Consequently, derivatives boosting 

proteasomal activity can mitigate tau oligomerization and stimulate neurite outgrowth, 

whereas proteasome-inhibiting derivatives exacerbate the imbalance of proteostasis and 

neurodegeneration. In addition to proteasomal stimulation, the MOA of MK and its 

derivatives also includes autophagic and inflammatory activity. Taken together, this study 

suggests the MK is a suitable candidate for a future in depth structure-activity investigation 

aimed at understanding how the chemical structure of MK is associated with these distinct 

biological activities. Ultimately, designing a compound that can target both the inflammatory 

and the proteasome/autophagy pathways would be beneficial for not only AD, but as a 

potential therapeutic for other neurodegenerative diseases as well.
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Fig. 1. MK886 stimulates the proteasome and rescues tau induced ► neurite pathology.
a Immunoblots from the proteasomal GFP cleavage assay conducted in HEK293T cells 

expressing tau-GFP. The blot probing GFP shows both tau-GFP expression and GFP 

cleavage in cells treated with either DMSO or 20 μM MK886 (MK) for 20 h. Blots probing 

tau (Tau-5) show an increase in shorter tau fragments with MK treatment. Loading control, 

α-tubulin, is also presented. b Quantification of GFP cleavage showing MK significantly 

increased the amount of free GFP (p < 0.0001) compared with DMSO controls. c 
Representative images of SHNS expressing empty vector (EV) or tau and treated with either 
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DMSO or 2 μM MK for 36 h. Neurite outgrowth is labeled with β(III)-tubulin, while the 

neurosphere body is stained with DAPI. The bar = 300 μm for all images. d Quantification 

of neurite outgrowth from the SHNS using a custom module in MetaXpress image analysis 

program. The average neurite outgrowth from tau-expressing SHNS is significantly shorter 

than EV controls (p < 0.05). Treatment with MK significantly rescued this tau-induced 

deficit (p < 0.0001) and increased neurite density
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Fig. 2. 
Chemical structure of MK886 and the seven analogs explored in this study with structural 

modifications shown in red. Amendments to the N-chlorobenzyl group resulted in 

compounds 1H (2) and bPh (5). The indole-5-isopropyl was replaced to generate compound 

5H (3) and OPh (4). The carboxylic acid was replaced with an amino substituent to make 

(Amide, 6). Finally, conversion of the S-tert-butyl gave rise to compounds SBn (7) and SEt 

(8). Synthesis scheme is presented in Supplemental Scheme S1
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Fig. 3. Evaluation of MK and analogs using a cellular proteasomal Tau-GFP cleavage assay.
a Cellular HEK293T extracts expressing tau-GFP treated with 20 μM MK analogs (1–8) 

were collected after 20 h of treatment. Representative immunoblots for GFP, tau (Tau5), and 

α-tubulin (loading control) are presented. Treatment with MK and a few analogs increased 

GFP cleavage and tau fragments. b Quantification of GFP cleavage from immunoblots. One 

analog, 5H significantly increased GFP cleavage (p < 0.0001), while bPh also increased 

amount of cleaved GFP, but this was not significant (p = 0.08) compared to DMSO. In 

contrast, one analog, 1H, had significantly lower levels of GFP, which were comparable to 

the amount present when the proteasome is inhibited with MG132 and bortezomib (BTZ) 

(Supplemental Figure S5a, c). A replot of this GFP cleavage data with statistical comparison 

compared to DMSO is presented in Supplemental Figure S5b
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Fig. 4. MK derivatives modulate the proteasome and can also affect tau induced neurite 
pathology.
a Images of representative SHNS expressing EV or tau and treated with 2 μM 1H or 5H 

are shown, along with SHNS treated with MK for comparison. Neuronal projections treated 

with 1H were more truncated, while 5H treatment significantly enhanced the length and 

neurite density. Scale bar is 300 μm for all images. b Quantification of neurite outgrowth 

from SHNS treated with 1H or 5H compared to EV DMSO. Derivative 1H was significantly 

(p < 0.05) different than EV controls, but the neurite lengths were not significantly different 

than the Tau DMSO group. The addition of 5H to SHNS significantly increased the neurite 

outgrowth for both EV and tau expressing SHNS, (p < 0.0001) and (p < 0.05), respectively. 

Although, the length of the neurites in Tau SHNS treated with 5H was not significantly 

different from neurite outgrowth from Tau SHNS treated with MK (Supplemental Figure S9)
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Fig. 5. Phenotypic autophagy LC3-biosensor suggests that MK stimulates autophagy, while 1H 
and 5H have contrasting effects.
a Images of tau-expressing LC3 biosensor treated with 10 μM MK, 1H, or 5H. for 24 

h. Cells treated with MK and 5H appear more red, indicating activation of autophagy. 

In contrast, 1H is visibly greener, which illustrates that 1H is causing greater autophagic 

dysfunction in these cells. Scale bar is 100 μm. b Quantification of the GFP/RFP ratio 

was conducted on both EV and tau expressing LC3 biosensor. Tau expression significantly 

increased the GFP/RFP ratio compared to EV expressing controls. Treatment with MK 
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(p < 0.05) and 5H (p < 0.001) significantly increased the flux (lower GFP/RFP), while 

1H increased the GFP/RFP ratio, but was not significant compared to Tau DMSO. c 
Immunoblots of LC3 and p62 from a LC3 turnover assay confirm activation of autophagy 

with 5H. HEK293T cells were treated with DMSO, 20 μM MK, 1H, or 5H with or 

without 100 nM bafilomycin A for 24 h. d Quantification of immunoblots show significant 
accumulation of both LC3-II and p62 with treatment of 5H, indicating that it is an 
autophagy activator. Chaperone, p62, is also increased with MK treatment, but LC3-II is not 
significantly higher than DMSO controls. The autophagic flux of 1H is also increased over 
controls, suggesting that autophagy mechanisms may be trying to counteract the inhibition 
of the proteasome
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