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● Mutant huntingtin spreads between cells leading to misfolded protein propagation
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● Cutting-edge bioimaging of polymorphic transmissive structures in cellular

environment
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Abstract  

Aggregates of mutant huntingtin (mHTT) containing an expanded polyglutamine 

(polyQ) tract are hallmarks of Huntington’s Disease (HD). Studies have shown that 

mHTT can spread between cells, leading to the propagation of misfolded protein 

pathology. However, the structure of transmissive mHTT species, and the molecular 

mechanisms underlying their transmission remain unknown. Using correlative light and 

electron microscopy (CLEM) and cryo-electron tomography (cryo-ET), we identified two 

types of aggregation-prone granules in conditioned medium from PC12 cells expressing 

a mHTT N-terminal fragment: densities enclosed by extracellular vesicles (EVs), and 

uncoated, amorphous meshworks of heterogeneous oligomers that co-localize with 

clusters of EVs. In vitro assays confirmed that liposomes induce condensation of polyQ 

oligomers into higher-order assemblies, resembling the uncoated meshworks observed 

in PC12 conditioned medium. Our findings provide novel insights into formation and 

architecture of transmissive mHTT proteins, and highlight the potential role of EVs as 

both carriers and modulators of transmissive mHTT proteins.      

 

Keywords  

Protein transmission, mutant huntingtin, extracellular vesicles, cryo-electron 

tomography. 

 

Introduction  

Huntington's disease (HD) is an inherited neurodegenerative disease that results 

in progressive motor, cognitive, and psychiatric impairment in patients. The disease is 
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caused by an expansion of the polyglutamine (polyQ) tract within exon1 of the 

huntingtin (HTT) protein [1,2], leading to protein misfolding, accumulation of insoluble 

aggregates within cells and disturbance of normal cellular functions [3,4].  

Recently, cell-to-cell transmission as an underlying mechanism for misfolded 

protein propagation and disease pathology has emerged as a central concept in 

neurodegenerative diseases, including HD [5], Alzheimer’s [6] and Parkinson’s diseases 

[7]. The presence of mHTT aggregates detected within intracerebral striatal tissue 

allografts in HD patients ~10 years post transplantation was one of the first 

demonstrations that misfolded protein transmission may challenge the clinical outcomes 

of cell replacement treatment strategies [8]. Further basic science and clinical research 

confirmed the presence of extracellular forms of mHTT proteins in biofluids or affected 

tissues [9-11]. Once internalized by recipient cells, mHTT proteins serve as seeds to 

nucleate intracellular aggregation (a process termed seeding), driving propagation of 

misfolded protein aggregation across cells and further aggravates disease progression 

[12-15]. However, the structural and biochemical properties of misfolded mHTT as 

extracellular, transmissive entities are not well defined, limiting our understanding of 

their toxicity. 

In this study, we used bioimaging tools of correlative light and electron 

microscopy (CLEM) and cryo-electron tomography (cryo-ET) to characterize the 

structures and seeding propensity of extracellular mHTT proteins present in the 

conditioned medium from a PC12 HD cell model. This work also revealed direct 

interactions between transmissive mHTT proteins and extracellular vesicles (EVs), 
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implicating possible functional roles of EVs in modulating transmissive mHTT 

conformation and transmission between cells.  

 

Materials and Methods 

Cell culture and preparation of conditioned medium 

 The 14A2.6 PC12 cell line was generated and cultured as described previously 

[16]. Following ponasterone A induction, these cells express truncated mHTT exon1 

containing an expanded polyQ97 tract directly fused with an enhanced green 

fluorescence protein (EGFP) tag at the C-terminus (herein referred to as mHTTex1-

EGFP). To generate conditioned medium for seeding assays and structural studies, 

14A2.6 PC12 cells at 50% confluency were treated with 2.5 μM ponasterone A (Santa 

Cruz Biotechnologies) to induce expression of mHTTex1-EGFP. At 24 hours post 

initiation of induction, the conditioned medium was collected and subjected to 10,000x g 

centrifugation (Beckman Coulter) for 10 minutes to remove cellular debris. The 

supernatant was collected and used for subsequent cell-based seeding assays, 

fluorescence microscopy, and CLEM and cryo-ET studies. As a control, growth medium 

from 14A2.6 PC12 cells cultured without ponasterone A was collected, and 

supplemented with 2.5 μM ponasterone A prior to use in seeding assays.  

 

Immunodepletion of mHTTex1-EGFP by GFP trap 

GFP-Trap®_A is an anti-GFP/EGFP antibody fragment conjugated to agarose 

beads that efficiently pull-downs GFP/EGFP-fusion proteins (Chromotek). The bead 

slurry was prepared following vendor instructions and added to the conditioned medium. 

https://www.beckman.com/centrifuges/ultracentrifuges
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The mixture was tumbled end-over-end at 4°C for 1 hour, and then centrifuged at 

2,500x g, 4°C for 2 minutes. The supernatant was collected and used in cell-based 

seeding assays. Agarose beads without conjugated antibodies were used as a control. 

 

Cell-based seeding assay  

 To prepare cells for seeding assays, 14A2.6 PC12 cells in log phase growth 

were plated onto 0.01% poly-L-lysine (Millipore Sigma) treated 96-well black walled 

culture plates (CELLSTAR, Greiner) at approximately 50% confluency, and were 

induced with 1 μM ponasterone A for 24 hours. At this induction condition, cells display 

basal levels of mHTTex1-EGFP expression and develop diffusive intracellular EGFP 

signals without visible puncta.  

For quantification of seeding activities associated with transmissive mHTTex1-

EGFP in the conditioned medium from induced 14A2.6 PC12 cells, freshly prepared 

conditioned medium, mHTTex1-EGFP depleted medium, and controls were added to 

cell assays. At 8 and 16 hours post initiation of conditioned medium treatment, cells 

were washed in 37°C PBS buffer (pH 7.0, Sigma-Aldrich), stained by Hoechst dye 

(Thermo Fisher Scientific) and then imaged in an IN Cell Analyzer 6000 (GE 

Healthcare) under a 20x objective at 9 fields per well. Quantification of cells with 

detectable bright puncta was done using the IN Cell Investigator Image Analysis 

Software (v. 1.6.3).  

To quantify the seeding propensities for large mHTTex1-EGFP granules 

(uncoated assemblies and EV-enclosed mHTTex1-EGFP proteins) vs smaller 

aggregates, the conditioned medium was subjected to 100,000x g centrifugation for two 
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hour at 4°C. The pellet was washed 3 times with PBS and resuspended in the same 

volume of fresh DMEM complete media supplemented with 2.5 μM ponasterone A. 

Growth medium from uninduced 14A2.6 PC12 cells was used as a negative control. 

Seeding activities associated with the large granules in the pellet fraction vs. the smaller 

species in the supernatant were assessed in the IN Cell Analyzer as described above.  

 

Preparation of liposome  

 Liposomes were prepared from porcine total brain extract following standard 

liposome formulation protocol (Avanti Polar Lipids Inc.). The liposome solutions were 

extruded 10 times through a mini-extruder on a heating block at 60°C through two 

layers of polycarbonate filters and generated liposomes of 100 - 500 nm in size, similar 

to the EV size distribution observed in the conditioned medium.  

 

In vitro liposome and polyQ binding assay 

PolyQ seeds were prepared from synthetic polyQ40 peptides as described 

previously [11]. For liposome-polyQ binding assay, polyQ40 oligomers were mixed with 

freshly-made liposomes at the final polyQ concentration of 2 μM, and incubated at room 

temperature for 8 hours. An aliquot of the liposome-polyQ sample was then collected 

and prepared for tomography studies. For controls, polyQ40 oligomers were diluted to 

the final concentration of 2 μM or 5 μM, incubated at room temperature for 8 hours, and 

prepared for imaging by cryo-ET.  

 

Grid preparation 
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The conditioned medium, polyQ oligomers, or liposome-polyQ samples were first 

mixed with 10 nm gold fiducials (EMS) to facilitate tilt series alignment during data 

processing. An aliquot of 3.5 μl of sample was applied to glow-discharged Quantifoil 

grids (for polyQ oligomers and liposome-polyQ samples) or Quantifoil finder grids (for 

conditioned medium) and then plunge frozen using a Leica EM GP plunger (Leica 

Microsystems).  

 

Correlative light and electron microscopy 

Conditioned medium grids were loaded into a Leica DM6 FS microscope 

equipped with a 50x objective and a DFC 365 FX camera. Fluorescence and 

corresponding bright field montage images of the grids were acquired using the Leica 

LASX software. Areas of the grid with EGFP+ densities were marked as targets.  

 

Cryo-ET data collection and data processing 

Conditioned medium grids that were pre-screened on the Leica CLEM were 

loaded into a Talos Arctica microscope (Thermo Fisher Scientific) equipped with a post-

column BioQuantum energy filter and K2 direct electron detector (Gatan, Inc.). A low-

magnification (900x) montage of the entire grid was collected and manually aligned to 

the fluorescence image of the same grid to identify EGFP+ mHTT aggregates. 2D 

projection images and tilt series of target areas were collected at 31,000x magnification 

for EV-enclosed mHTTex1-EGFP densities with a pixel size of 4.30 Å/pixel. Uncoated 

mHTTex1-EGFP assemblies were imaged at 39,000x magnification with a 

corresponding pixel size of 3.49 Å/pixel. Imaging settings used were spot size 8, 100 
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μm condenser aperture, 100 μm objective aperture, 20 eV energy filter slit, and -5 μm 

defocus. Typically, a tilt series ranges from -60° to 60° at 3° step increments. The total 

dose is ~80-100 e/Å2 per tilt series.  

Tilt series for polyQ oligomer and liposome-polyQ samples were collected at 

31,000x or 39,000x magnification, respectively, using the same imaging configurations.  

Tilt series alignment and reconstruction were done in IMOD [17]. 3D map 

visualization and annotation were done using UCSF Chimera (University of California, 

San Francisco) [18].  

 

Results 

Conditioned medium from 14A2.6 PC12 cells contains extracellular, seeding-

competent transmissive mHTT proteins  

To investigate the structural and biochemical properties of transmissive mHTT 

species, we used conditioned medium from 14A2.6 PC12 cells as a model system 

[11,16]. Following ponasterone A induction, these cells express truncated mHTT exon1 

containing an expanded polyQ tract directly fused with an EGFP tag at the C-terminus 

(mHTTex1-EGFP). At 24 hours post-induction, aggregates were observed in the 

cytoplasm, progressing from diffuse proteins to small aggregates, and then to micron-

sized inclusions as indicated by bright EGFP signals. Concurrent with the formation of 

intracellular inclusions, microscopic granules of mHTTex1-EGFP proteins also 

developed in the extracellular space (Fig. 1a). A control PC12 cell line that expresses 

EGFP-labeled truncated wild type HTT exon1 containing a polyQ25 tract showed no 

detectable intracellular or extracellular bright puncta under the same experimental 
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conditions (Fig. 1b), indicating that the extended polyQ tract in mHTT proteins, not the 

EGFP tag, causes the formation of intracellular inclusions and extracellular granules.  

To characterize the level of extracellular mHTT proteins in the conditioned 

medium from induced 14A2.6 cells, we measured the seeding propensity of the 

conditioned medium in a cell-based seeding assay using cells exhibiting basal 

expression of mHTT proteins [11]. Conditioned medium collected 24 hours post-

induction efficiently promoted inclusion formation in cells at 8 and 16 hours following 

treatment with the conditioned medium. This observation confirmed that the conditioned 

medium contains seeding-competent entities. The seeding efficiency was significantly 

attenuated when mHTTex1-EGFP proteins were depleted by GFP-trap (Fig. 1c), 

indicating that extracellular mHTTex1-EGFP is indeed responsible for the seeding 

propensity of the conditioned medium.  

 

CLEM and cryo-ET resolved the 3D architecture of two types of transmissive 

mHTT granules  

We observed two types of microscopic mHTTex1-EGFP species present in the 

conditioned medium from induced 14A2.6 PC12 cells: bright puncta with clear 

boundaries, and dim granules of various sizes without defined edges (Fig. 2a).  With 

extended induction of mHTTex1-EGFP expression, the number of the bright puncta 

steadily increases, but the abundance of the diffuse granules does not correlate with the 

intracellular mHTT level, suggesting they represent more dynamic entities. To 

investigate structural identity of the granules, we first applied CLEM to identify EGFP+ 

species, and then imaged by cryo-ET to resolve their structures. Tomograms revealed 
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that the bright puncta are extracellular vesicles (EVs) enclosing oligomeric mHTTex1-

EGFP densities (Fig. 2b-d, Supplementary Video 1), while the dim granules 

correspond to uncoated meshworks of densities that are consistent in appearance with 

assemblies of mHTT oligomers (Fig. 2e-g, Supplementary Video 2). Studies on mHTT 

secretion mechanisms have revealed that mHTT proteins can exit cells via an 

unconventional late endosomal and lysosomal secretory pathway in a free, non-

vesicular form [19,20], or through an exosome or microvesicle-mediated transport in an 

extracellular vesicle-enclosed form [10,21]. The two types of granules probably 

represent transmissive mHTT released through different mechanisms. 

We also observed that clusters of EVs surround the uncoated mHTTex1-GFP 

(Fig. 2f-g). Sizes of these EVs ranged from hundreds of nanometers to several 

micrometers, suggesting that they could be microvesicles, apoptotic bodies, or 

exosomes. In tomograms of dim granules, EVs typically exhibited some levels of 

deformation and changes in membrane curvature, which may be attributed to 

interactions with the uncoated mHTT meshwork. In the growth medium from uninduced 

14A2.6 PC12 cells, we observed EVs of a similar size range with a more spherical 

morphology (Fig. 2h), supporting this notion.  

To further examine the association between EVs and extracellular mHTT 

species, the conditioned medium from induced PC12 cells was stained by Nile Red to 

detect EVs, and then subjected to fluorescence microscopy. The colocalization pattern 

of EGFP and Nile Red signals confirms that many large mHTTex1-EGFP granules are 

either enclosed by EVs, or exist as assemblies associated externally on EV membrane 
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surfaces (Fig. 3a). This finding is consistent with observations from cryo-ET studies and 

demonstrates potential roles of EVs in mHTT transmission. 

The EGFP+ granules represent extracellular mHTT species secreted by induced 

cells or released following cell membrane rupture. To analyze the seeding efficiency of 

these large granules (EV-enclosed or EV membrane-associated) vs smaller, 

freestanding oligomers or protofibrils undetectable by fluorescence microscopy, we 

separated the two fractions by ultracentrifugation. In cell-based seeding assays, 53% of 

cells treated with the resuspended pellet fraction containing EV-associated granules 

developed mHTT inclusions following a 24-hour treatment. On the other hand, 31% of 

cells treated with the supernatant fraction containing small oligomers or protofibrils 

developed inclusions (Fig. 3b). This difference in inclusion formation suggests that the 

mHTT granules in the conditioned medium have overall higher seeding capacity 

compared to the smaller, freestanding species in the supernatant. These extracellular 

granules represent the primary seeding effectors in the conditioned medium.  

 

Liposomes modulate condensation of polyQ proteins into higher-order 

assemblies 

 The observation that the uncoated extracellular mHTTex1-EGFP species exist in 

the conditioned medium as higher-order assemblies is unexpected. The concentration 

of mHTT proteins in the conditioned medium is in the low nanomolar range [11], which 

is usually too low for mHTT proteins to spontaneously aggregate into large assemblies. 

Co-localization of EVs and the uncoated assemblies of mHTTex1-EGFP proteins led to 

the postulation that EVs may modulate mHTT protein conformation and promote the 



12 

formation of the uncoated transmissive mHTT assemblies observed in the conditioned 

medium. 

To test this hypothesis, we developed an in vitro reconstituted system consisting 

of preformed liposomes and synthetic polyQ peptides. In mHTT proteins, the polyQ tract 

is responsible for their aggregation behaviors [22,23]. In the reconstituted system, we 

used a polyQ peptide of 40 glutamines as a simplified model of mHTT exon 1. This 

system is also free of small molecules and other soluble effectors that are present in the 

conditioned medium and would otherwise complicate the analysis.  

 Cryo-ET of the polyQ40 peptide alone revealed oligomers that are extremely 

heterogeneous, ranging from annular ring/disc structures to elongated densities (Fig. 

4a-b, Supplementary Video 3). Increasing the concentration of polyQ peptides from 2 

μΜ to 5 μΜ led to an increase in the distribution of oligomers in the tomograms and a 

higher abundance of larger oligomers (Fig. 4b). At both concentrations, polyQ peptides 

are present as disperse, polymorphic densities, supporting the notion that the mHTT 

aggregation pathway features a heterogeneous population of distinct oligomers as 

intermediate species [24].  

Addition of liposomes to the polyQ peptides induced condensation of polyQ 

oligomers into higher-order assemblies (Fig. 4c-d, Supplementary Video 4) that 

resembled the uncoated mHTTex1-EGFP meshworks observed in the conditioned 

medium from 14A2.6 PC12 cells. These assemblies directly engage with liposome 

surfaces, causing membrane deformation, changes in curvature, and disruption of 

membrane integrity. These findings corroborate previous observations with EVs found 

near mHTTex1-EGFP densities in the conditioned medium (Fig. 2g). Our results 
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suggest that interactions with EVs may have induced the formation of the uncoated 

transmissive mHTT assemblies in the conditioned medium. This modulation is polyQ-

dependent, since the polyQ peptides used in this in vitro system lacked both the N17 

and proline-rich flanking regions in mHTT exon1. 

 

Discussion 

By combining CLEM and cryo-ET, we have resolved transmissive mHTT proteins 

in the conditioned medium from 14A2.6 PC12 cells as EV-enclosed, oligomeric 

densities, or as uncoated amorphous meshworks that are externally associated with EV 

membranes. The polymorphic, amorphous nature of transmissive mHTT species is 

likely linked to the intrinsically disordered property of the polyQ tract [25,26], and is 

structurally distinct from fibrillar aggregates that are often used in in vitro seeding 

assays [27]. Numerous experiments have shown that biologically-derived samples, 

cerebrospinal fluid (CSF) from HD patients or growth medium from HD cell models, 

have dramatically higher seeding efficiencies compared to synthetic seeds [11,28]. The 

differential seeding efficiency between transmissive species in biologically-derived 

samples and pure, synthetic polyQ seeds, therefore, can be attributed to different mHTT 

conformations, or the modulatory effects of endogenous cofactors, such as EVs, that 

are present in biologically-derived samples.  

Previous studies on mHTT protein transmission suggested that mHTT can be 

secreted to the extracellular space as vesicle-enclosed or free-standing forms [10,19-

21]. The observation of uncoated mHTT granules in the conditioned medium of induced 

14A2.6 PC12 cells is consistent with previous findings that mHTT components in the 
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cerebrospinal fluid were directly detected and depleted by antibodies targeting 

expanded polyQ tracts [11,28]. The presence of EVs enclosing mHTT proteins suggests 

that EVs are actively involved in misfolded protein propagation by transporting 

molecular cargoes between cells [15,29-32]. Additionally, the association of uncoated 

mHTT meshworks on EV membrane surfaces and results from the in vitro experiment 

suggest that EV membranes are capable of inducing condensation of mHTT proteins 

into large assemblies. Taken together, these findings suggest novel roles of EVs in 

mHTT transmission: they may function as both biological couriers between cells, and as 

modulators of transmissive mHTT protein conformations and higher-order assembling. 

Further elucidation of the molecular mechanisms underpinning mHTT transmission 

represents a critical step in understanding HD pathology, and in developing new 

strategies that ameliorate disease progression by slowing down misfolded protein 

transmission. 
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Figure Legends 

Figure 1 Conditioned medium from induced 14A2.6 PC12 cells contains seeding-

competent mHTT species. (a) A fluorescence image of induced 14A2.6 PC12 cells 

showing intracellular puncta (arrowhead) and extracellular granules (arrow) of 

mHTTex1-EGFP.  (b) A fluorescence image of control 14A2.6 PC12 cells. (c) 

Conditioned medium from induced 14A2.6 PC12 cells demonstrates mHTTex1-EGFP 

dependent seeding propensity in cell-based seeding assays [T-test, N = 6, p values: 

0.034 (8 hr), 0.018 (16 hr)]. Cells were treated with: Ctrl: growth medium collected from 

uninduced PC12 cells supplemented with 2.5 μΜ ponasterone A. CM: conditioned 

medium from 14A2.6 PC12 cells after 24 hours of 2.5 μΜ ponasterone A induction. CM 

+ beads: conditioned medium that is mixed with agarose beads only. CM + GFP-trap: 

conditioned medium with mHTTex1-EGFP depleted by agarose beads conjugated with 

an anti-GFP/EGFP antibody fragment.  

 

Figure 2 3D structure of transmissive mHTT granules revealed by CLEM and cryo-

ET. (a) A fluorescent light microscopy image of the two types of mHTTex1-EGFP 

granules in the conditioned medium from induced 14A2.6 PC12 cells. Arrowhead: 
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bright, dense puncta; Arrow: dim granules without clear edges. (b) Correlative light 

microscopy and low magnification electron microscopy (EM) images of a representative 

bright punctum (arrowhead). (c) Slice view of a tomogram of the mHTTex1-EGFP 

punctum in (b). (d) Isosurface view of the tomogram showing an EV enclosing 

mHTTex1-EGFP densities (Pink: EV membrane; Teal: vesicle-enclosed mHTTex1-

EGFP densities). (e) Correlative light microscopy and low magnification EM images of a 

representative diffuse granule (arrow). (f) Slice view of the tomogram taken at the 

EGFP+ region. Green circle: location of EGFP+ density as shown in (e). (g) 3D 

isosurface view of the tomogram of uncoated mHTTex1-EGFP meshwork (Pink: EVs; 

Green: uncoated mHTTex1-EGFP densities). (h) Slice view of a tomogram of EVs in the 

growth medium from control, uninduced 14A2.6 PC12 cells.  

 

Figure 3 Microscopic mHTTex1-EGFP granules in the conditioned medium from 

induced 14A2.6 PC12 cells are effective seeds. (a) A fluorescence confocal image 

showing association of mHTTex1-EGFP granules with Nile Red-stained EVs (externally: 

arrows; internally: solid arrowheads). Aggregates of mHTTex1-EGFP that are not 

directly engaged in interactions with EVs are labeled by a hollow arrowhead. (b) 

Seeding efficiency of mHTTex1-EGFP granules in the 100,000 g centrifugation pellet 

and smaller mHTTex1-EGFP species in the supernatant. Ctrl: control growth medium 

collected from uninduced 14A2.6 PC12 cells supplemented with 2.5 μM ponasterone A; 

CM: conditioned medium from 14A2.6 PC12 cells after 2.5 μM ponasterone A induction 

for 24 hours; Pellet: pellet fraction obtained from the 100,000 g centrifugation that was 
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resuspended in an equal volume of fresh medium containing 2.5 μM ponasterone A; 

Supernatant: supernatant obtained from the 100,000 g centrifugation.  

 

Figure 4 Liposome-polyQ interactions induce formation of assemblies of polyQ 

proteins. (a) Slice (left) and isosurface (right) views of a tomogram showing polyQ 

oligomers at 2 μΜ polyQ concentration. (b) Slice (left) and isosurface (right) views of a 

tomogram of polyQ oligomers at 5 μΜ polyQ concentration. (c) Slice (left) and 

isosurface (right) views of a tomogram of 2 μΜ polyQ oligomers and preformed 

liposomes. (Blue: liposomes; Orange: polyQ oligomers). (d) Slice view of a tomogram of 

preformed liposomes alone. 

 

Data availability statement 

Tomograms of EV-enclosed and uncoated meshwork of mHTTex1-EGFP densities from 

the conditioned medium of induced 14A2.6 PC12 cells, 2 μM polyQ oligomers, and 

liposome-polyQ sample have been deposited in the EMDataBank under accession 

codes EMD-23756, EMD-23768, EMD-23737 and EMD-23762 respectively. 
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Supplementary materials 

Supplementary Video 1: Slice and isosurface views of an EV (pink) enclosing 

transmissive mHTTex1-EGFP densities (teal).  

 

Supplementary Video 2: Slice and isosurface views of transmissive, uncoated 

mHTTex1-EGFP densities (green) that co-localize with clusters of EVs (pink). 

  

Supplementary Video 3: Slice and isosurface views of synthetic polyQ40 peptides at 2 

μM concentration. 

 

Supplementary Video 4: Slice and isosurface views of the in vitro reconstituted system 

with liposomes (blue) and 2 μM synthetic polyQ40 peptides (orange).  
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