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Abstract: Alzheimer’s disease (AD) is a progressive neurodegenerative disease, resulting in an irreversible 

deterioration of multiple brain regions associated with cognitive dysfunction. Phosphorylation of the microtubule-

associated protein, Tau, is known to occur decades before symptomatic AD. The Src family of tyrosine kinases 

are known to phosphorylate select tyrosine sites on Tau and promote microtubule disassembly and subsequent 

neurofibrillary tangle (NFT) formation. Our data show that the proto-oncogene, non-receptor tyrosine kinase Src 

colocalizes with a range of late (PHF1) to early (MC1) AD-associated phosphorylated Tau epitopes. The strongest 

co-occurrence is seen with MC1 (probability of MC1 given Src =100%), an early AD-specific conformational 

dependent epitope. Single-cell RNA sequencing data of 101 subjects show that Src is upregulated in both AD 

inhibitory and excitatory neurons. The most significantly affected, by orders of magnitude, were excitatory 

neurons which are the most prone to pathological Tau accumulation. We measured Src phosphorylation by mass 

spectrometry across a cohort of 48 patient neocortical tissues and found that Src has increased phosphorylation 

on Ser75, Tyr187, and Tyr440 in AD, showing that Src kinase undergoes distinct phosphorylation alterations in 

AD. Through Brownian dynamics simulations of Src and Tau, we show that as Tau undergoes the transition into 

disease-associated paired helical filaments, there is a notable seven-fold increase in Src contact with Tau. These 

results collectively emphasize Src kinase's central role in Tau phosphorylation and its close association with Tau 

epitopes, presenting a promising target for potential therapeutic intervention. 

 

 

Introduction: Alzheimer’s disease (AD) is the most common form of dementia, a highly debilitating disorder 

affecting more than 40 million people across the world1,2.  AD is a progressive neurodegenerative disease, 

resulting in an irreversible deterioration of multiple brain regions associated with cognitive dysfuntion1,3. 

Alzheimer’s disease encompasses a continuum; it is now recognized that pathophysiological changes begin 
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decades before clinical manifestations. The spectrum of AD spans from clinically asymptomatic to severely 

impaired, but neuropathological evidence of disease can be evident by the third decade of life 4.    

Characteristic neuropathological features of AD were first described more than 100 years ago: extracellular 

amyloid plaques (Aβ-plaques), and the intra-neuronal accumulation of an abnormal form of the protein Tau 

(neurofibrillary tangles (NFT))3. However, these hallmarks can coexist with several physiological and 

morphological changes in the brain such as chronic brain inflammation, cerebral amyloid angiopathy, microglial 

activation, astrogliosis, and dystrophic neurites1,2,5. Taken together, these processes drive neurotoxicity, neuronal 

loss, mitochondrial dysfunction, synaptic dysfunction, and ultimately brain atrophy 5. However, the origin and 

underlying mechanisms through which these physiological changes lead to the pathophysiology of AD are not 

yet known. For this reason, predictions of the rate of preclinical changes and the onset of the clinical phase are 

extremely difficult to formulate, complicating the design and timing of therapeutic interventions aimed at 

modifying the course of the disease. 

Recent evidence has pointed to a class of proteins whose actions are altered in AD, and whose disruption might 

be explanatory for several AD features. The Src kinase family belongs to the class of non-receptor tyrosine 

kinase6. This family includes several members, whose main components are: Src, Yes, Fyn, Lck, Lyn, Frk, Fgr, 

and Blk 6-9. Under normal conditions, Src family kinases interact with numerous cytosolic, nuclear, and membrane 

proteins by phosphorylating tyrosine residues and modulating intracellular signaling 10-13. In vitro findings show 

a potential role of Src-family kinases in the development of several AD-associated hallmarks 14-18. Indeed, Aβ-

oligomers are a strong activator of intracellular non-receptor tyrosine kinases 14-19. The over-activation of this 

family of kinases leads to the disruption of several fundamental neuronal processes such as synaptic transmission, 

regulation of cytotoxicity, apoptosis, and re-entry into the cell cycle 19-23.  Given the multiple avenues by which 

Src kinases interact with Tau and its various phosphorylation states, alterations in Src expression could lead to 

abnormal activity and the formation of full-blown NFTs. Here we show that Src is upregulated in multiple AD 

brain regions, highly expressed in excitatory neurons, colocalizes with the earliest disease-associated Tau 

epitopes, and binds paired helical filaments (PHF). 

 

Methods: 

Clinical and Pathological Assessment for histochemical and Western blot studies:  Subjects were all 

volunteers in the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND), a longitudinal 

clinicopathological study of aging, cognition, and movement in the elderly since 1996 in Sun City, Arizona. 

Autopsies are performed by the Banner Sun Health Research Institute Brain and Body Donation Program (BBDP; 

www.brainandbodydonationprogram.org).24 For control subjects, no memory complaints or history of memory 

complaints, cognitive function within 1.5 standard deviations of the age- and education- adjusted norms, 

CeradNP- Not AD, MMSE score 30-29 (inclusive), Braak staging II, and NIA-AA- No AD.  For AD cases, the 

following criteria were applied to ensure a clear distinction from control subjects: presence of persistent and 

escalating clinical memory complaints, cognitive function exhibiting a decline of more than 1.5 standard 

deviations from age- and education-adjusted norms, CeradNP- probable to definite AD, Mini-Mental State 

Examination (MMSE) score below 12, and Braak stage IV, NIA-AA intermediate and high for AD, indicative of 

the pathological progression associated with AD.  Early disease states were chosen (e.g., Braak stage IV) to ensure 

the full spectrum of disease-associated Tau conformation and phosphorylation changes. Later Braak stages (Braak 

stage VI) show very high level of ghost tangles25 which minimizes the number of neurons that may be reactive 

for some of the earlier disease states (e.g., MC1). All subjects sign Institutional Review Board-approved informed 

consents allowing both clinical assessments during life and several options for brain and/or bodily organ donation 

after death.  
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DAB Immunohistochemistry: Immunohistochemical studies were completed on 28 human hippocampal tissues 

(BA27), superior frontal gyrus (BA11), middle temporal gyrus (BA21), entorhinal cortex (BA28) and substantia 

nigra pars compacta. For each region, the same 10 AD, 9 NC, and 9 PD samples were used. AD, ND, and PD 

samples were selected with the following criteria: For AD, samples were devoid of other clinical and 

neuropathological neurological diseases, Braak stage IV, CeradNP- probable to definite AD, MMSE of 11 to 9, 

plaque density moderate to frequent, and NIA-AA intermediate and high for AD.  ND samples were devoid of 

clinical and pathological changes associated with neurological diseases besides those that are described as 

findings consistent with normal aging.  All ND samples were Braak stage II, CeradNP- not AD, MMSE of 30 to 

29, plaque density zero to sparse, and NIA-AA not AD. For PD subjects, samples were devoid of clinical and 

pathological changes associated with neurological diseases besides those associated with PD.  All PD samples 

were Braak stage II-III, CeradNP- not AD, MMSE of 30 to 27, plaque density zero to sparse, NIA-AA not AD, 

Unified LB stage III. Brainstem/Limbic. All samples were matched for PMI, age, and sex, among other covariates 

(see table of samples, Supplementary Table 1). For detailed methods, please see26-28.  Briefly, 40um free-floating 

sections were washed in PBST and blocked in H2O2, then 3% bovine serum albumin (BSA).  Following blocking, 

steps tissues were incubated in primary antibodies (Supplementary Table 2), overnight at 4°C. Sections were 

washed and then incubated in species-specific secondary (1:1000, Vector) for two hours at room temperature.  

Sections were washed incubated in 1:1000 avidin/biotin reagent, washed, and incubated in DAB.  All sections 

were reacted simultaneously, dried, taken through graded alcohols, cleared in xylene, and mounted using 

permount.  Deletion of primary antibody or incubation with blocking peptide resulted in the abolition of specific 

immunoreactivity in all cases. Adjacent serial sections were stained with cresyl violet for cell layer identification 

and verification that the CA1 of the hippocampus was intact.  

Double label Immunohistochemistry:  For fluorescence microscopy, the sections were washed 3X in PBST, 

blocked with either 3% normal goat serum or 3% BSA, and incubated for 2h.  After further washing, sections 

were incubated in primary antibodies overnight, washed again, and incubated in species-specific, fluorophore-

conjugated secondary antibodies (Supplementary Table 2). After a final wash, the sections were mounted, taken 

through Sudan Black to reduce autofluorescence, and coverslipped with Vectashield mounting media (Vector).   

All sections were counterstained with 4',6'-diamidino-2-phenylindole (DAPI) (Thermo Fisher) before mounting.    

Immunohistochemical Statistics: Slides were imaged using Olympus IX71 or Nikon A1R HD25 confocal 

imaging system.  Immunoreactivity was analyzed using Image J software.  To provide estimates of Src 

immunoreactivity, bright field intensity (DAB) / fluorescence intensity analysis was performed using Image J 

software (Image J, U.S. National Institutes of Health, Bethesda, MD; imagej.nih.gov/ij/). Intensity measurements 

were corrected for background differences by dividing the measured intensities by the average intensity of a 

background region in each section. For colocalization studies, 2 fields at 40x magnification were counted per 

subject (~40 neurons/subject). Colocalization (co-occurrence) or how many pixels in a segmented image are 

overlapping between the red (594nm) and green (488nm) channels. The acquired images undergo segmentation, 

a process where regions of interest are identified through pixel intensity values. To quantify the degree of overlap 

between signals from different channels, colocalization analysis is performed. This involves applying thresholds 

to pixel intensity values to create binary masks for each channel, highlighting areas with significant signal. 

Colocalization was calculated to measure the proportion of signal overlap between the red and green channels. 

Western blot. As previously described in detail28, proteins were isolated and separated by electrophoresis. The 

adapted protein quantity per lane was loaded into 4-20% 1.5 mm Tris-glycine 15 well mini gels (Bio-Rad) with 

1X Laemmli sample buffer. Gels were run in running buffer, containing Tris Base, Glycine, and 10% SDS, at a 

constant 100 V for 60 minutes. Proteins were then transferred to nitrocellulose (Bio-Rad) and immersed into 

transfer buffer (10X CAPS, Methanol, and dH2O), at a constant 100V for 1 hour. Membranes were blocked using 

5% BSA and 0.05% Tween in 1X PBS at room temperature for 1 hour and then probed with the primary antibody 

(anti-Src, Mouse monoclonal, 1:2000 in 5% dry milk) overnight at 4ºC with gentle shaking. Membranes were 
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then washed and incubated with the secondary antibody dilution (Horse anti-mouse, HRP-ligated, PI 2000, 1:5000 

in 5%dry milk, Thermo Fisher) for 1 hour at room temperature, with gently shaking. After being exposed to 

chemiluminescence substrate (Pierce, Supersignal West Pico), membranes were imaged on Amersham Imager 

680 detection system and analyzed using ImageJ software. Each Blot was then stripped and re-probed for B-actin 

(loading control). The Optical density (OD) measures of each band were taken by using a sampling window of 

constant size. Groups were compared by using Analysis of variances (ANOVA) tests, and regression analysis, 

with a 95% confidence interval, and significance at α = 0.05. 

snRNA-seq data analysis: Clinical and Pathological Assessment for SnRNA-seq:  Subjects were all 

volunteers in the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND), described above.  Most 

subjects are clinically characterized with annual standardized test batteries consisting of general neurological, 

cognitive and movement disorders components, including the Mini Mental State Examination (MMSE). Subjects 

for the current study (n=101) were chosen by searching the BBDP database for a full spectrum of AD 

neuropathology, in the absence of other neurodegenerative disease diagnoses. The complete neuropathological 

examination was performed using standard AZSAND methods.24 The neuropathological examination was 

performed in a standardized manner and consisted of gross and microscopic observations, the latter including 

assessment of frontal, parietal, temporal and occipital lobes, all major diencephalic nuclei and major subdivisions 

of the brainstem, cerebellum and spinal cord (the lattermost only for those with whole-body autopsy). Detailed 

clinical data, postmortem neuropathological data, and demographics of the cohort are described in.29 We 

constructed gene co-expression and detected multiscale gene modules using MEGENA30on the differentially 

abundant excitatory neurons, which were identified as those neurons in control subjects most susceptible to 

neuronal loss in AD. Differential expression of genes between AD vs control was identified by the FinderMarkers 

function of the Seurat (v4.0) workflow31, using the MAST algorithm32. NEUROD2 and Src coexpression 

correlations in excitatory neuron subtypes were calculated from the snRNA-seq data in33 by a pseudo-bulk 

approach, using the sum of the gene counts from all the nuclei within the subclusters normalized by the voom 

function from the R package limma34, taking sex, age at death, education and PMI as covariates. Correlation 

coeffients were calculated by the lm function in R.   

Mass Spectrometry: Clinical and Pathological Assessment for mass spectrometry studies: Subjects were all 

volunteers in the Arizona Study of Aging and Neurodegenerative Disorders (AZSAND) described above. 

Samples of human middle temporal gyrus (MTG) were secured from AD, or neurologically normal, non-

demented (ND) elderly control brains. Cognitive status of all cases was evaluated antemortem by board-certified 

neurologists, and postmortem examination by a board-certified neuropathologist resulting in a consensus 

diagnosis using standard NIH AD Center criteria for AD or ND. The AD and ND groups were well matched for 

age, sex, and PMI. ND control cases: ND Braak I n=5, ND 74 Braak IV n=18 (23 total); Age: 84.1 ± 7.1 years; 

Sex: 12 females and 11 males; Postmortem interval 75 (PMI: 2 hours 58 minutes +/- 75 min. AD cases: AD Braak 

IV n=10, AD Braak V n=8, AD Braak VI n=7; Age: 76 84.3 +/- 7.9 years; Gender: 11 females and 14 males; 

PMI: 3 hours 23 min +/- 180 min. For additional sample data see.35 To analyze the AD proteome and 

phosphoproteome, we generated proteolytic peptide digests of middle temporal gyrus (MTG) cortical brain tissue 

from patients with late-onset AD and age-matched, non-diseased (ND) controls. Batches of AD and ND peptide 

samples were multiplexed with TMT10-plex. TMT-labeled peptides were immunoprecipitated with anti-

phosphotyrosine antibodies (4G10, PT66) followed by Fe3+ IMAC phosphopeptide enrichment. Enriched peptides 

were loaded onto a C18 column and analyzed by LC-MS/MS using a 140 min gradient. Ions were dynamically 

selected for fragmentation using a top-20 untargeted method. Peptide identification and quantification were 

performed using Proteome Discoverer and MASCOT. Peptide abundances were normalized by dividing by the 

mode relative abundance in each sample. Peptide abundances across TMT10-plex batches were normalized using 

the average of all ND samples without reported amyloid pathology. Tau cluster centroid values were taken directly 

from the original publication describing this dataset36.  
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Brownian Dynamics: Computational studies on Src-Tau interaction were performed in a X-step manner. First, 

representative structures derived from experiments were chosen as starting models for simulating Src and Tau. 

For Src, PDB 1YOJ, which represented an active Src37, was employed. Compared with the inactive form of Src, 

active Src is more flexible and allows more protein residues to be solvent accessible. This enhanced exposure 

facilitates our simulation to sample Src residues that are susceptible to associate with Tau. For Tau, 3 different 

structures were employed. The first structure was constructed using Protein Data Bank (PDB)38, representing Tau 

aggregating on a microtubule of healthy individuals. The second and the third models were from PDB 6NWP and 

PDB 6NWQ, which, respectively, represented the cores of the type I and type II Tau filament of Chronic traumatic 

encephalopathy (CTE) and AD.39,40 Folds in CTE Tau, are structurally identical to those in AD,41 and are denoted 

as paired helical filaments (PHFs) and straight filaments (SFs). These structural models of Src and Tau were 

converted to respective mean field representations suitable for Atomic-Resolved Brownian Dynamics (ARBD), 

following our previous work42. Lastly, we launched 400 replicas of 4-microseoncd-long ARBD simulations for 

each of the following cases: (1) Src diffusing around Tau microtubule; (2) Src diffusing around Tau disease model 

I; and (3) Src diffusing around Tau disease model II. These simulations were then all converted back to molecular 

dynamic trajectories to analyze Src-Tau associations and Src diffusion pathways around different Tau aggregates. 

Results: 

Src is upregulated in multiple AD brain regions. To determine if Src protein levels were upregulated in one or 

multiple brain regions we analyzed the substantia nigra pars compacta (SN), entorhinal cortex (BA28), 

hippocampus (BA27), middle temporal gyrus (BA21) and superior frontal gyrus (BA11) in Normal Control (NC), 

Parkinson’s disease (PD) and AD subjects (Fig.1). PD and SN (the pathogenic region associated most clearly with 

PD) were used to determine whether deviations in Src are a general feature of neurodegeneration or are AD-

specific.  In the SN, all three conditions show pigmented nigral neurons, but only in AD cases did we observe 

positive Src immunoreactivity (IR) (Fig. 1C insert), indicating that the upregulation of Src is not a generalized 

neurodegenerative phenomenon.  All three, NC, PD, and AD showed cortical and hippocampal Src IR (Fig. 1D-

L).  It is to be expected in an aging population to have some neurofibrillary tangle (NFT)-like reactivity, even in 

PD tissues43. Comparison of AD, PD, and NC however, showed clear separation (Fig.1). Src staining in AD 

samples revealed intense neuropil and neuronal IR, reminiscent of NFT labeling in our previous studies27. The 

strongest neuropil staining was in the entorhinal cortex (Fig. 1F), and the most significant neuronal IR was 

observed in the hippocampus (Fig. 1I) followed by the middle temporal gyrus (Fig. 1L).  The neuropil is 

comprised of mostly dendrites, axons, and synapses44 and thus provides a proxy measure of total neuronal 

connectivity. The EC is heavily interconnected with the neocortex and hippocampus, and is one of the earliest, if 

not the earliest brain region affected45, indicating that dysregulation of Src in the EC may substantially precede 

dysregulation in other less reactive brain regions.  These results show that Src is highly expressed in multiple 

brain regions in AD and is not generally observed in other neurodegenerative diseases like PD. 

To quantify Src protein levels we performed western blots of NC (Braak II/III) and AD cases (Braak IV (Fig. 2).  

Braak IV AD cases were used to evaluate the earliest disease state according to Braak25.  Our results show a 

significant (p<.005) upregulation of Src protein in AD middle temporal gyrus, consistent with our histochemical 

study (Fig. 1J vs 1L).  

Src colocalizes with multiple disease-associated phosphorylated Tau epitopes. To determine whether the 

tangle-like IR in Figure 1 was associated with known markers of NFTs we performed colocalization studies using 

a commercial Tau antibody P-tau23, an end-stage phospho-Tau marker PHF-1, and early Tau markers PG5, CP13, 

and MC1 (Fig. 3).46 For our colocalization studies, we specifically examined the CA1 region of the hippocampus. 

This choice was informed by substantial evidence pointing to early tangle formation and the progression of disease 

in this area.47,48 In the context of degenerating nerve cells, PHF-1 or ps396/ps404 represents an end-stage disease 

state.49 In contrast, MC1 (a conformation-dependent antibody targeting the epitope within aa 312-322) is 

recognized as the earliest disease state.46,49 The other three antibodies used in the study—PG5 (which identifies 
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PKA-dependent phosphorylation of ser409), CP13 (phosphorylated at serine-202), and P-tau231—are considered 

intermediate disease states. Notably, all five Tau antibodies were found to colocalize with Src, as depicted in 

Figure 3. The strongest co-occurrence with Src was with early Tau marker MC1 (Fig. 3A, probability of MC1 

given Src =100%).  The weakest co-occurrence with Src was with the late Tau marker PHF1 (Fig. 3E, probability 

of PHF1 given Src =43%).  Intermediate molecules P-tau231(Fig. 3B) CP13 (Fig. 3C), and PG5 (Fig. 3D) showed 

intermediate probability given Src 61%, 58% and 54% respectively (Supplementary Table 3). Collectively, this 

data shows that Src is most strongly associated with early disease states.   

Src is upregulated in excitatory AD neurons. The emergence of large-scale single nuclei RNAseq (snRNAseq) 

data generated from post-mortem brain tissue from subjects affected by AD has offered new approaches for 

characterizing AD-associated molecular networks in a cell-specific manner. We recently generated snRNAseq 

superior frontal gyrus (SFG) profiles from 101 exceptionally well characterized subjects50, and interrogated this 

data to examine AD-associated Src mRNA expression in a cell-type specific manner. Consistent with our 

histochemical and protein quantification analyses, we observed that Src is significantly upregulated in excitatory 

neurons (Ex). Notably, Src is most highly expressed in excitatory neurons, both in AD and non-demented control 

(NC) samples, while inhibitory neurons (In) also display notable levels of Src expression. Importantly, the 

upregulation of Src in AD extends beyond excitatory neurons to include inhibitory neurons, emphasizing its 

broader involvement in neuronal populations within the context of AD. Examination of multiscale embedded 

gene co-expression networks30 constructed from Ex neurons identified transcription factor NEUROD2 as a hub 

of the subnetwork that contains Src, and potential regulator of Src activity. We also observed positive correlations 

between NEUROD2 and Src expression in at least five subtypes of excitatory neurons from another large-scale 

snRNA-seq profiling from postmortem brain tissues of AD clinical cohort33 (Supplementary Table 4). Visual 

inspection of photomicrographs confirmed the upregulation of NEUROD2 in the SFG of AD patients compared 

to control. The observed positive correlation between Src and NEUROD2 in excitatory neurons, along with the 

significant upregulation of NEUROD2 in AD patients, raises the intriguing possibility that the observed increase 

in Src activity in AD is driven by transcription factor NEUROD2. Additional genetic perturbation studies of AD 

model systems to delineate this relationship may be warranted. 

Multiple Src phosphorylation sites are upregulated in AD.  We next examined whether Src had altered kinase 

activity in AD by measuring its phosphorylation sites using mass spectrometry. We analyzed Src phosphorylation 

in MTG cortical brain (BA21) tissue from 25 AD and 23 non-demented (ND) cases using tandem-mass tag (TMT) 

10-plex quantification, phosphotyrosine and global phosphoproteome enrichment, and untargeted LC-MS2 

analysis51 . This analysis quantified phosphopeptide mapping to Src pSer17, pSer75, pTyr187, pTyr420*, and 

pTyr439* across at least 28 patients (* phosphopeptide ambiguously mapped to multiple Src Family Kinases 

(SFKs)). Of these phosphorylation sites, Src pSer75, pTyr187, and pTyr439* were associated with AD (Figure 

5A) or Tau phosphorylation levels (Figure 5B) which were also captured in this phosphoproteome analysis. 

Among these phosphorylation sites, pSer75 is a putative CDK5 substrate52., pTyr187 is located on Src’s SH2 

domain (Figure 5C) and shares homology with other SFK autoinhibitory sites53. Although the effects of pTyr439 

are currently unknown, it is located on Src’s tyrosine kinase domain near pTyr420 which is crucial for kinase 

activity54.. The data shows that Src kinase undergoes distinct phosphorylation alterations in AD. These specific 

changes in Src kinase phosphorylation may provide a crucial molecular link for connecting Src kinase activity 

with AD pathogenesis.  

Tau and Src simulations. We next examined the implications of structural and interaction changes in Tau and 

Src through simulating Src-Tau interaction under 2 different conditions: (1) a microtubule (MT) with fragments 

of Tau bound (Figure 6A); and (2) the protofilaments of 2 Tau disease aggregates (Figure 6A), both of which are 

found in chronic traumatic encephalopathy (CTE) and AD41,55, termed Tau-CTE type 1 and Tau-CTE type 2. As 

Tau is known to be a stabilizing protein for MT, the first condition serves as an attempt to simulate Tau under a 

non-disease condition, with the second condition representing a disease scenario. Due to the disordered nature of 
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Tau, a substantial amount of Tau residues is not resolved in structural models simulated here. However, among 

all the residues that are present (residues 252 to 379), they are all able to interact with Src through making contacts 

with the protein (Figure 6B); with those that are more solvent exposed interact with Src more frequently than 

those that are less exposed (Figure 6C). Further analyses show that Src residues that make contacts with Tau are 

different between the non-disease condition and the disease condition. For the non-disease condition, Tau-Src 

interaction is primarily observed for the first 110 Src residues in the Src structure employed (Figure 6D); for the 

disease conditions, Tau-Src interaction is primarily observed for residues 202 to residue 432 in the Src structure 

employed (Figure 6D). A less prominent difference is also observed between Tau-Src interaction and Src-MT 

interaction, where the set of Src residues that contact Tau with a normalized Src contact frequency larger than 0.4 

is grossly different from that for Src-MT contacts (Figure 6D). Src residues that most frequently contact Tau or 

MT in our simulations are visualized in Figure 6E, where their spatial distributions were visually compared to the 

electrostatic profile of Src, suggesting that Src-Tau contact may prefer to occur at the electronegative region of 

Src while Src-MT contact may prefer an electropositive region of Src (Figure 6E).  

Our simulations also show that Src associates with Tau much stronger than MT. For the non-disease condition, 

Src was observed to associate with either Tau or MT around 60% of the simulation time, among which, 20% was 

primarily associated with Tau and 40% was primarily associated with MT (Figure 6F). Src was classified to be 

primarily associated with Tau if Src makes more contacts with Tau than with MT. However, in the structural 

model for the non-disease condition, there are only 196 Tau residues, in contrast to the 20736 MT residues that 

are present. Thus, compared with MT, Tau, with only 196/20736 ≈ 0.095 (less than 1%) fraction of residues 

present, functions as the primarily association target for Src for 1/3 of the Src-Tau/MT associations observed. 

This strong affinity between Tau and Src is further demonstrated by comparing the non-disease condition to the 

disease condition with respect to the fraction of simulation time that Src is in contact with its association targets, 

namely MT with Tau for the non-disease condition and Tau aggregates for the disease condition. Our simulations 

show that Src contacts its association target much more frequently in the diseases condition than in the non-

disease condition, up to 7-fold (Figure 6F). This upregulation shows differences between the 2 different structural 

models used for the disease condition, suggesting that the absence of MT to be the key factor underlying the 

upregulation while the fold states of Tau in the protofilaments contribute a less significant role in boosting Src-

Tau associations. 

Discussion: 

The AD continuum is composed of multiple pathological features, most of which begin decades before clinical 

manifestations. The identification of molecular targets capable of modifying the earliest stages of AD prior to the 

onset of clinical symptoms is a critical pillar in the development of effective therapies for this devastating disease. 

Using publicly available and novel transcriptomic and proteomic data we have identified a disease-specific 

upregulation of the proto-oncogene Src kinase across multiple AD brain regions.  Upregulation of Src is most 

strongly associated with early Tau marker MC1, and highly expressed in AD excitatory neurons.  Brownian 

dynamics simulations of Src and Tau show that Tau aggregation induces Src contact potential 7-fold.  Src 

phosphorylation by mass spectrometry identified increased phosphorylation on Ser75, Tyr187, and Tyr440 in 

AD. Together these results show that Src kinase is frequently active in AD neurons and may represent a 

therapeutic target for further evaluation.  

Importance of analyzing multiple brain regions. Alzheimer’s disease does not affect a single brain region. In 

fact, a pathological diagnosis of AD requires neurofibrillary tangle and amyloid plaque pathology in both the 

limbic and neocortical brain regions47. Most animal and human research performed in the dementia field 

emphasize pathological changes in the hippocampus, however, since this region is devastated at Braak stages IV 

and above, and removal of this brain region alone does not cause dementia but rather amnesia56, focusing solely 

on this region may limit our ability to disentangle the effects of established disease from its earliest drivers. To 

minimize these limitations, our approach was to analyze Src expression in multiple brain regions: hippocampus 
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(BA27), middle temporal gyrus (BA21), entorhinal cortex (BA28), superior frontal gyrus (BA11) and in a 

comparatively unaffected brain region, the substantia nigra. Our results show that the most significantly impacted 

brain region with respect to Src expression was the entorhinal cortex (EC) followed by the hippocampus and 

neocortical subregions.  Nigral Src immunoreactivity was minimally present in AD subjects and unreactive in 

control or PD subjects indicating that alterations in Src are AD-specific. It is not uncommon for AD subjects to 

show NFT pathology in basal ganglion structures57, but what was unexpected was the amount of neuropil 

immunoreactivity in the EC compared to other brain regions.  Since the neuropil is comprised of mostly dendrites, 

axons, and synapses44, it provides a proxy measure of total neuronal connectivity within a tissue. The EC 

interconnects heavily with the neocortex and hippocampus, and is one of the earliest, if not the earliest brain 

region affected in AD45, indicating that dysregulation of Src occur in the EC long before other less reactive brain 

regions.  The EC is the major input and output structure of the hippocampal formation, forming the nodal point 

in cortico-hippocampal circuits via layers II and III neurons58. Given the ECs importance in the cortical-

hippocampal loop and memory consolidation, it will be important to determine if the same pattern of disease 

spreading associated with Tau (e.g., Braak staging) is also seen with Src.  This may provide some insight into 

how early in the course of disease Src is up-regulated, and if the upregulation of Src predates Tau phosphorylation 

or if the two coincide.  

Co-occurrence with Tau markers.  The trans-synaptic spread of Tau pathology in the CNS and its more recent 

systemic involvement has been an area of intense investigation.  As such, systemic Tau has been shown to be a 

reliable biomarker of disease progression to aid in clinical assessments59.  The biological tools used to identify 

Tau biomarkers in the periphery are largely predicated on disease-specific phospho-Tau epitopes.  A recent study 

using p-tau231 indicated its early involvement in AD development60, and in our study we show a strong 

association with Src and p-tau231 (probability of p-tau231 given Src 61%,), but we show an even stronger 

association with the MC1 epitope (probability of MC1 given Src =100%), one of the earliest known disease-

associated changes in Tau. In this conformationally dependent epitope the N-terminus of Tau interacts with its C-

terminal third microtubule-binding repeat61. This MC1 conformation was determined to be highly soluble 

compared to the PHF1 epitope which is highly insoluble. Tau becomes insoluble after assembling into PHFs, 

suggesting that the change in Tau conformation from a relatively disordered soluble protein to the early 

conformationally altered MC1-Tau and the highly ordered PHF structure is crucial in the aggregation cascade. 

Importantly, the level of MC1 reactivity was shown to correlate with the severity and progression of AD with no 

reactivity against control brain extracts46.   

The fact that the earliest disease states (Braak stage IV) were highly reactive for Src and concurrently reactive for 

the earliest Tau disease state (MC1) indicates a compelling association between Src activation and the early 

conformational changes in Tau, suggesting a potential pivotal role for this molecular interplay in the initiation 

and progression of tangle formation.  

Src Kinase in Neuronal Populations.  The differential expression of Src kinase in distinct neuronal populations 

emerges as a compelling and thought-provoking dimension of this study. This observation invites a deeper 

exploration of the specific roles played by different types of neurons in the pathogenesis of AD and the potential 

involvement of Src kinase in these processes. 

Notably, the heightened expression of Src kinase in AD excitatory neurons is particularly noteworthy. Excitatory 

neurons have been found to be more susceptible to pathological Tau accumulation in AD62. Augmented Src 

expression within excitatory neurons hints at their potential vulnerability to the influence of Src kinase within the 

context of AD. Multiscale co-expression networks constructed from excitatory neuronal snRNAseq implicate a 

potential regulatory relationship between transcription factor NEUROD2 and Src kinase. These interactions may 

indicate critical roles in the modulation of responses to AD-related stressors and the development of Tau 

pathology, emphasizing the need for further investigations into the precise functional consequences of Src kinase 

upregulation in both excitatory and inhibitory neurons, including interactions with NEUROD2. This differential 
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expression of Src kinase in neuronal populations carries significant implications for therapeutic strategies 

targeting this kinase. The prospect of selectively modulating Src kinase activity in highly expressed excitatory 

neurons offers a more targeted approach to mitigating Tau pathology and synaptic dysfunction in AD. Such 

selective modulation could potentially reduce side effects associated with broad kinase inhibition. Furthermore, 

the consideration of neuronal populations within intricate neuronal networks underscores the necessity of 

comprehending how Src kinase influences network-level functions in the context of AD. This understanding is 

crucial for elucidating the broader impact of the disease on brain function and for developing interventions that 

can address these intricate processes at multiple levels. 

Phosphorylation status of Src kinase in AD and its potential implications. Examining the phosphorylation 

status of Src kinase in AD unveils critical insights into the molecular changes associated with the disease. Our 

data reveals that Src kinase exhibits altered phosphorylation patterns in AD. These phosphorylation sites include 

pSer17, pSer75, pTyr187, pTyr420*, and pTyr439*. Among these phosphorylation sites, pSer75, pTyr187, and 

pTyr439* are associated with AD, suggesting that these specific phosphorylation events on Src are linked to AD. 

Additionally, the data indicates a correlation between the phosphorylation levels of Src at these sites and Tau 

phosphorylation levels, which is a significant finding in the context of AD. The data also provides insights into 

the potential functional implications of these phosphorylation changes. For instance, pSer75 is suggested to be a 

substrate for CDK552, a kinase associated with neurodegeneration.63 pTyr187 is in the Src SH2 domain and shares 

homology with other sites involved in autoinhibition, suggesting a role in regulating Src activity. The impact of 

pTyr439 is currently unknown, but its location on the tyrosine kinase domain near pTyr420, which is crucial for 

kinase activity, implies potential relevance to Src function. This data suggests that changes in Src phosphorylation 

may be involved in the disease's pathogenesis and, potentially, the phosphorylation of Tau. This provides a 

molecular link between Src and AD, strengthening the argument for its involvement in disease mechanisms. These 

data open up several future perspectives for research, by highlighting the need to explore the functional 

consequences of these specific phosphorylation events on Src in AD, particularly with regard to its role in Tau 

phosphorylation and the overall progression of the disease. Further investigations could focus on developing 

therapeutic strategies targeting Src in a phosphorylation site-specific manner to potentially mitigate AD-related 

pathology, providing a new avenue for treatment and intervention. 

Structural insights into Tau filaments and their interactions with Src. Detailed cryo-EM structures of Tau 

filaments from AD brains have deepened our understanding of the pathological changes associated with AD55. 

These findings underscore the importance of structural studies in deciphering the molecular basis of 

neurodegenerative diseases. The recognition of Paired Helical Filaments (PHFs) and Straight Filaments (SFs) as 

distinct structural polymorphs raises questions about their specific roles in AD progression. The observed 

interactions of specific residues of Tau with Src, particularly in association with AD, highlights a potential link 

between Tau aggregation and intracellular signaling pathways. Understanding the consequences of this 

interaction, such as how it affects neuronal function or contributes to AD pathogenesis, is an essential avenue for 

further investigation. Investigating the temporal relationship between Tau filament formation and the Tau-Src 

interaction, as well as the broader cellular and molecular consequences, will be vital. Moreover, understanding 

how structural variations in Tau filaments relate to disease severity and the clinical manifestation of AD is a 

promising avenue for further inquiry. The combined insights from the Tau filament structures and the Tau-Src 

interactions offer potential therapeutic implications. Targeting Tau filament formation or its interactions with Src 

could represent novel approaches for the development of mechanism-based therapies for AD and related 

neurodegenerative conditions. These findings provide a structural basis for future drug development efforts. 

Conclusion: The combined insights from this study not only enhance our understanding of the interaction of Src 

and Tau but also provide a foundation for future drug development efforts. Targeting Tau filament formation or 

its interactions with Src holds promise as a novel approach to developing mechanism-based therapies for AD and 

related neurodegenerative conditions. This is particularly significant given the availability of Src inhibitors, which 
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could be repurposed or further developed for clinical trials in AD, potentially expediting the drug development 

process.  This work underscores the importance of a multifaceted approach to decipher the complexity of AD and 

offers valuable perspectives for future research and potential treatments. 
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Figures: 

 

Figure  1:  Representative Src  immunoreactivity (IR) in four brain regions: substantia nigra pars compacta (SN), 

entorhinal cortex (BA28), hippocampus (BA27),  middle  temporal  gyrus  (BA21)  and superior frontal gyrus 

(BA11) in Normal Control (NC),  Parkinson’s  (PD)  and  Alzheimer’s  (AD) subjects.  In the SN only AD cases  

showed positive IR, see insert (C).  All three, NC, PD and AD showed cortical and hippocampal IR. More Src IR 

was observed  in  AD  entorhinal  cortex, hippocampus, and middle temporal gyrus, compared to NC and PD 

subjects. The most intense neuropil immunoreactivity in AD subjects was observed in BA28. PD cases were 

included as well as the PD- related pathognomonic region (SN) to show AD specificity. Note, neurons in the SN 

are naturally pigmented (brown).  
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Figure 2: Western blot of Src protein levels in age-matched control and AD subjects. Complementary to IHC 

results we observed an overall increase in SRC expression in AD MTG (BA21). **p<.005. Western blot was 

normalized (protein loading) using beta actin. 
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Figure 3: Representative double labeled photomicrographs of Src (green) and select early tau markers MC1, P-

tau231, CP13, PG5 and late-stage P-tau marker PHF-1 and (red).  The strongest association with Src was with 

early tau marker MC1 (A) and weakest, PHF1 (E).  Sections were counter stained with DAPI.  

 

 

 

M
er

ge
Sr

c
Ta

u
MC1

*

M
er

ge

*

PHF1

*

PG5

D)

*

CP13

C)

*

pTau231

Latest Earliest

E)B)A)

*

20.0 µm

20.0 µm

20.0 µm

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 9, 2024. ; https://doi.org/10.1101/2024.02.07.579336doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.07.579336
http://creativecommons.org/licenses/by-nc/4.0/


 

Figure 4: (A) Relative abundance of Src phosphorylation sites on pSer15, pSer75, pTyr187, pTyr420*, and 

pTyr439* in middle temporal gyrus (MTG) cortical brain tissue from patients with late-onset AD and age-

matched, non-diseased (ND) controls. Phosphopeptides were identified using LC-MS/MS analysis and quantified 

using TMT10- plex. (B) Tau cluster centroid, containing the average of several Tau phosphopeptides, compared 

with Src phosphorylation levels across AD and ND samples. Spearman's correlation coefficient and p-value are 

indicated in each panel. (C) Diagram illustrating Src domains and identified phosphorylation sites. AD or Tau-

associated sites are colored red. **p < 1e-2; ***p < 1e-3; ****p < 1e-4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 9, 2024. ; https://doi.org/10.1101/2024.02.07.579336doi: bioRxiv preprint 

https://doi.org/10.1101/2024.02.07.579336
http://creativecommons.org/licenses/by-nc/4.0/


 

 

Figure 5: Src expression in Single nuclei RNAseq of 101 subjects stratified by cell type. A) Dot plot of cell types 

show that the most significant expression for Src is in excitatory neurons (Ex) in both AD and NC samples, 

followed by inhibitory neurons (In). AD Ex and In neurons were both significantly up-regulated compared to 

control (p=1.92E-115, and p=0.0005 respectively). All other cell types show weak Src expression levels. 

Multiscale Embedded Gene Co-expression Network Analysis identified the module hub NEUROD2 (B & C).  A 

significant positive correlation is observed with Src and co-expression hub NEUROD2 in Ex neurons in both AD 

and NC samples. Representative photomicrographs show the up-regulation of NEUROD2 in AD SFG (D) 

compared to matched control (E). 
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Figure 6: (A) Molecular images of a microtubule (MT) with fragments of Tau associated on it, and the 

protofilaments of 2 Tau disease aggregates, corresponding to CTE-type I & II. In these structural models, Tau 

residues are highlighted in gray. MT proteins are represented by a white, transparent protein scaffold. (B) Contact 

maps between Tau residues and Src residues computed from simulations. For each structural model employed, 

the minimal and maximal residue indices for Tau residues that are present are indicated by red, dashed lines. In-

between these 2 lines are Tau residues that are available from the structure. Tau residues beyond those sandwiched 

by these 2 lines are unavailable. (C) Spatial distributions of Src associations hotspots on MT with Tau fragments 

and Tau disease aggregates. Each residue is colored according to its contact frequency with Src, normalized to 

have 1 being the maximal value. For clarity, residues with a normalized contact frequency with Src below 0.01 

are all colored white. (D) Contact profile with Src. The frequency between each Src residue and each Tau or MT 

residue was measured and was normalized to have 1 being the maximal value for each structural model. Regions 

that capture significantly more Src-Tau contacts in the disease models than in the MT-Tau model are highlighted 

by a pink box, the region showing the opposite observation is highlighted by a blue box. Src residues that make 

most contact with either Tau (G281, L400, or R508) or MT (L319) in each structural model are highlighted by 

their residue IDs. (E) Molecular visualizations of key Src residues and Src electrostatic profiles. The pink region 

corresponds to residues highlighted by the pink box in (D). The same applies to the blue region. Key residues are 

colored according to their residue types (Blue: basic; Green: polar; White: hydrophobic). (F) Numbers of Src 

associations to either MT-Tau model or Tau disease models. The number of associations was measured in terms 

of the fraction of simulation time. For instance, in our current setting, a simulation of 2μs gives 200 trajectory 

frames. A value of 20% means observing Src associations for 200 × 20% = 40 frames. The comparison between 

the disease models and the MT-Tau models was made through the fraction per Solvent-Accessible Surface Area 

(SASA) so that the different geometrical shapes and sizes for our structural models can be accounted for. 
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