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Abstract

Biomolecular condensates are proposed to cause diseases such as cancer and neurodegeneration 

by concentrating proteins at abnormal subcellular loci. Imaging-based compound screens have 

been used to identify small molecules reversing or promoting biomolecular condensates. However, 

limitations of conventional imaging-based methods restrict the screening scale. Here we used a 

graph convolutional network (GCN)-based computational approach and identified small molecule 

candidates that reduce the nuclear LLPS of TDP-43, an essential protein that phase transits in 

neurodegenerative diseases. We demonstrated that the GCN-based deep learning algorithm is 

suitable for spatial information extraction from the molecular graph. Thus, it is a promising 

method to identify small molecule candidates with novel scaffolds. Furthermore, we validated 

that these candidates do not affect the normal splicing function of TDP-43. Taken together, a 

combination of an imaging-based screen and a GCN-based deep learning method dramatically 

improves the speed and accuracy of the compound screen for biomolecular condensates.
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Introduction

Proteins form biomolecular condensates through a biophysical mechanism named liquid-

liquid phase separation (LLPS). Biomolecular condensates are believed as a cause of 

cancer or neurodegeneration by concentrating proteins at abnormal subcellular loci to 

form large protein assemblies at the micrometer scale. They have been attractive drug 

targets since the initial discovery of protein LLPS(or called de-mixing) in 20091, because 

compelling evidence suggests their essential role in causing major diseases such as cancer 

and neurodegeneration. Top examples are chimeric transcription factors that cause cancer 

and RNA-binding proteins that form aggregates in neurodegeneration diseases. Ewing 

Sarcoma is caused by fusion of EWS low complexity domain and the DNA binding 

motif of FLI12. Various leukemia can be driven by the fusion of NUP98 and HOX 

transcription factors3. Nuclear RNA binding proteins TDP-43 and FUS forms protein 

aggregates in neurons in neurodegenerative diseases such as amyotrophic lateral sclerosis 

(ALS) and frontotemporal dementia (FTD)4. However, although the interest in exploring 

condensate-modifying compounds has been growing in drug discovery, these proteins are 

often described as “undruggable” because of lacking measurable enzymatic activity5. The 

lack of quantifiable parameters also leads to difficulties in high throughput screens. For 

example, the LLPS of TDP-43 or FUS is a transition from a diffused phase to a concentrated 

phase6, 7. Thus, there are not many parameters for distinguishing the concentrated phase 

from the diffused phase other than an increase in protein density. Therefore, new screening 

strategies will promote the efficiency of identifying new compounds for modulating LLPS.

For compound screening experiments, cellular models of LLPS mimic diseases in vivo 
better than in vitro models that require purified proteins and specific biophysical conditions. 

However, some widely used methods that induce LLPS in cells cannot be used for 

compound screens because they use toxic compounds, such as stress granules induced by 

sodium arsenite, or other extreme conditions, such as 42°C heat shock or severe osmotic 
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change. Secondary effects from these stress inducers cannot be ruled out8. Thus, we 

cannot conclude that cellular phenotypes observed on the screen are solely caused by the 

compounds. The TDP-43 anisosome, a unique LLPS phenomenon in living cells, overcomes 

most of these problems. RNA-binding deficient TDP-43 faithfully exhibit LLPS property 

in almost every cell type examined7. When TDP-43 loses its RNA-binding activity caused 

by post-translational acetylation or disease-causing mutations, it forms intranuclear liquid 

droplets exhibiting a core-shell structure, named anisosomes (“uneven body” in Greek). 

The anisosomal core enriches HSP70 chaperones. The anisosome-like structures have also 

been observed in animals in diseases, providing its relevance to disease7. TDP-43 forms 

protein aggregates in over 90% of ALS cases, over 40% of FTD cases9. TDP-43 pathology 

correlates with cognitive decline in Alzheimer’s Disease10. Intranuclear TDP-43 anisosomes 

are recognized as an LLPS state proceeding the cytoplasmic aggregates observed in the 

postmortem tissue at the end stage of neurodegeneration7. Thus, developing an antagonist 

for TDP-43 anisosomes is a promising drug development strategy for ALS and FTD.

We designed an imaging-based compound screening system and performed a classic 

screening experiment for 7000 FDA-approved compounds based on the size and number 

of TDP-43-containing anisosomes in DLD1 cells. However, we cannot perform the same 

screen for diverse compound libraries, which contains 170,000 compounds in total, because 

it exceeds the capacity of cell culture, image collection, and data analysis. To overcome 

this problem, we employed a graph convolutional network (GCN)-based computational 

strategy to virtually identify candidate compounds. GCN uses molecular graphs composed 

of nodes and edges to extract chemical information and then map the obtained spatial 

information to generate accurate molecular classifications.11, 12 Compared to molecular 

dynamics (MD) or quantum mechanics (QM) based methods, the most important advantage 

of deep learning based method lies in the fact that the required computation cost can be 

substantially reduced.13 This novel method enabled us to rapidly screen a large number 

of compounds that are from NCATS in-house diverse library collection. Among the 

170,000(give the number) screened compounds, GCN identified ~1100 candidates (0.65%) 

that were predicted to show biological activity of inhibiting anisosomes. We validated the 

top five candidates and found that two of them reduce the number and size of TDP-43 

anisosomes. This demonstrated that GCN-based machine learning process is sufficient to 

facilitate identification of new compounds of similar biological activity that modulates LLPS 

in living cells. These compounds might lead to development of new small molecules for 

neurodegenerative diseases by antagonizing LLPS of TDP-43. In addition, MD simulations 

with metadynamics analysis were conducted to predict insights in predicting the interaction 

conformations of these promising candidate compounds within possible targets. Our 

findings show the high applicability and promising prospect of graph-based deep learning 

methods in neuroscience-related drug discovery. The investigations conducted in this study 

as well as the combinational methodology will be highly instructive for future studies.
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Results

Fluorescence imaging-based compound screen identifies compounds antagonizing 
anisosome formation in cells

In the RNA-unbound state, TDP-43 form nuclear condensates named “anisosomes” 

through liquid-liquid phase separation7. Anisosomes (Figure 1A) are hypothesized as 

the cellular phenotype proceeding aggregation. We previously found that VER155008, 

an ATP competitive antagonist that inhibits the ATPase activity of HSP70, modulates 

anisosomes in vivo (Figure 1A)7. We sought to find more small molecules that modulate 

the size or the number of anisosomes in living cells. Thus, we conducted a fluorescence 

imaging-based screening to identify compounds that can reduce the number of anisosomes 

(Figure 1B) and performed the first screening experiment with a library of ~5000 NCATS 

in-house compounds14. The TDP-43 anisosomes were induced by adding doxycycline to 

a clone of the DLD1 cell line. The single clone engineered DLD1 cell line allows low 

dose doxycycline (1ug/mL) to induce the expression of carboxyl-terminal GFP-tagged 

acetylation-mimic TDP-43 (TDP-432KQ-clover), which abolishes RNA-binding. We chose 

the DLD1 cell line for our screening because of its genome integrity. Phenotypes among 

cells are consistent because of the genome stability. RNA-binding deficient TDP-43 forms 

anisosomes highlighted by the white dot because their intensity is much higher than the 

diffused signal (Figure 1C). Compounds that reduced the number of dots per cell by 50% 

or more were selected. To prepare the initial training set for computational screening, we 

initially selected the active compounds from the first experimental results, based on the 

metrics of efficacy and IC50 values; the organized data is provided in our GitHub page 

for reference. However, it is worth noting that this pipeline required tremendous effort, 

data storage, and computing time. If we had planned to use the fluorescence imaging-based 

screening method for LLPS to screen for ~200,000 novel compounds, we would need 6 

months of uninterrupted machine time for the imaging and data analyses, and culture 2 

billion cells (~500 10cm plates), assuming everything works successfully as planned. This 

workload is beyond our capacity. Thus, we need to come up with this novel virtual screening 

strategy to identify promising candidates for imaging-based analyses.

GCN model validation

In this study, we proposed and verified a high-performance GCN screening model that 

is suitable for different kinds of structural assignments. It is worth pointing out that for 

large-scale virtual screening tasks, the cost of conventional QM computation methods is 

very expensive; and for structure-based methods, they are difficult to be applied without 

target information, they are difficult to be applied. It is notable that the inhibitory effects 

of the small molecules are mainly dependent on their structural flexibility and functional 

groups; GCN can encode the molecular graphs of both active and inactive compounds, 

and furthermore extract the common features in structure. We trained our model upon the 

collected experimental data. Before model development, the similarity analysis of the active 

compounds was performed using Ward method to ensure there is low risk of overfitting; 

and from the results shown in Figure S1 (more details can be found in our GitHub page), 

we noticed that the molecular diversity of the active compounds is considerable. In this 

study, upon the task for identification of anisosome modulators through virtual screening, 
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our proposed model performs robustly with a validation accuracy of higher than 0.90 (its 

mechanism is presented in Figure 2, and the screening workflow is described in Figure 3, 

more technical evaluations are provided in our GitHub page for reference). It was noting 

that the proposed GCN model performs better than other machine learning based methods, 

especially upon the few-shot learning cases, such a benchmarking result is consistent 

with the conclusion of our previous study focusing on COVID19 inhibitors screening 

using endocytosis assay11. This training model was further applied in the screening of 

~170,000 compounds from NCATS diverse chemical libraries that had never been screened 

in anisosome assays, we identified ~1100 compounds with top ranking predicted activity 

and tested in fluorescence imaging-based assay. There are ~300 compounds confirmed to be 

active, indicating that such a tool could be adopted as a powerful complementary approach 

for future experimental screening. Among these active compounds, 5 candidates (A1 to 

A5) displayed high potency, further indicating that such a tool will become a powerful 

complementary for future experiment work. We had conducted a comparative study with 

respect to other popular machine learning (ML) based algorithms to demonstrate that the 

GCN architecture is highly suitable for few-shot learning cases, especially in which the 

ratio of active to inactive compounds is low11. However, it is worth noting that ML based 

methods are robust for overall molecular features extraction, thus can be employed for a 

secondary screening of GCN results to save experimental cost.

Identification of two novel candidates

Using imaging analysis, we have demonstrated that, among the 5 potent candidates (Figure 

3), compound A2 and A5 show strong biological activity by inhibiting the TDP-43 

anisosome formation. They not only work in the DLD1 cells (an epithelial cell line), but 

also in U2OS cells (human sarcoma cells), as shown in Figure 4A.

For therapeutic purpose, the anisosome inhibitors should not inhibit the normal function of 

TDP-43. The primary biological function of TDP-43 is to maintain normal RNA splicing. 

STMN2 mRNA is very sensitive to the concentration and activity of TDP-43 (Figure 4B)15. 

Abnormal TDP-43 produces over 10 times more cryptic STMN2 mRNA than the normal 

condition15. We used quantitative PCR to determine the STMN2 splicing pattern, which 

indicates the normal biological function of TDP-43. Because STMN2 is a neuron-specific 

gene, we used neuron-like SH-SY5Y cell line to determine the splicing changes in the 

presents of A1 ~ A515. None of the five compounds show significant inhibitory effect on 

the normal function of TDP-43 (Figure 4C). Interestingly, compound A4 suppressed the 

cryptic splicing but did not affect the normal splicing. However, A4 promoted aggregation 

of TDP-43 anisosomes due to fewer but larger TDP-43 fluorescent granules in treated cells 

(Figure 4A). Because the regulation of STMN2 alternative splicing is not fully elucidated, 

this data suggest that A4 might affect another protein that regulate alternative splicing. 

Thus, we concluded that A4 might not be suitable for further drug development. We have 

identified previously that an ALS-causing TDP-43 mutation (TDP-43K181E) promotes phase 

separation in cells. To test whether these compounds show potential therapeutic value, we 

used cells expressing this disease-causing mutation and test whether compounds A1–A5 

inhibit LLPS of TDP-43K181E. Consistent with the TDP-432KQ variant, compound A2 
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shows the strongest effect in suppressing TDP-43 phase separation (Figures 4D and 4E). 

Importantly, the suppression effect was concentration-dependent (Figure 4F).

We also tested the specificity of compounds A1–A5. A transcription co-suppressor protein 

NCOR2 can also form anisosome-like nuclear droplets16. Using a U2OS cell line that 

produces NCOR2 nuclear droplets, we confirmed that compound A2 does not change the 

morphology of NCOR2 droplets (Figure 4D), suggesting that compound A2 might directly 

interact with TDP-43. However, although compound A5 reduces TDP-43 anisosomes, it 

also reduces the NCOR2 nuclear droplets, suggesting that it may targeting a common 

mechanism of anisosome formation. Surprisingly, compound A3 suppressed the LLPS of 

NCOR2 but not TDP-43 (Figures 4D–4H), suggesting that A3 specifically inhibit LLPS of 

NCOR2 and there might be fundamental differences among anisosomes formed by different 

proteins. Thus, our compound screening and validation effort also provided additional 

chemical tool for studying LLPS in the nucleus. In addition, we also tested these compounds 

by using a cytoplasmic LLPS compartment, the stress granule, and a naturally existed 

LLPS compartment, the nucleolus. Normal DLD1 cells were treated with compound A1–

A5 overnight, followed by 1 hour incubation of 250μM sodium arsenite. Stress granule 

and nucleolus were visualized by immunostaining of G3BP1 (stress granule) and NPM1 

(nucleolus). Compounds A1–A4 showed no effect on stress granule formation (Figure S2). 

Consistently, A5-treated cells exhibited reduction of stress granules, demonstrating is non-

selective inhibition of LLPS compartments. However, A5 slightly changed the morphology 

of the nucleolus, which requires further studies on identifying the target of A5.

MD simulation proposes that Compound A2 may disrupt the dimerization interface of the 
N-terminal domain of TDP-43

Based on our observations, the compound A2 might specifically interact with TDP-43 in 

the cell-based assays. To provide insights for future target deconvolution, we performed 

molecular docking and MD simulations for compound A2 and TDP-43. We used the folded 

domains of TDP-43, whose structures have been deposited in the RCSB-PDB (PDB code: 

6B1G and 4BS2). We performed MD simulations for the two hybrid systems to generate the 

binding hypotheses, A2–6B1G (N-terminal domain) and A2–4BS2 (RNA-binding motifs), 

respectively (Figure 5A–B). Simulation results showed that A2 may interact with the amino 

acid residue E17 and surrounding residues of the TDP-43 N-terminus (Figure 5A), which 

is consistent with our experimental observations7. Althought LLPS is sought to mediated 

by the interaction of the unstructured, low complexity region, for which developing small 

molecules is hard, other interactions in the folded region of the N-terminal domain are also 

essential for TDP-43 LLPS7. The free binding energies within A2–6B1G and A2–4BS2 

were presented in Figure 5C; and metadynamics analysis was employed to identify the most 

stable conformations for these two simulated systems. The MD simulation predicted that 

compound A2 bound more likely to the N-terminal domain than the RNA-recognition motifs 

of TDP-43. Interestingly, the E17 residue form salt bridges at the dimerization interface, 

which are crucial for the anisosome formation7.The physical chemistry insights provided by 

MD simulations will be highly instructive for future biophysics investigation.
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Discussion and Conclusions

A big challenge in developing inhibitors for liquid-liquid phase separation is that the 

measurable parameters are usually not suitable for scaling up assays. TDP-43, an ideal 

target for neurodegeneration, only shows small differences by forming anisosomes in the 

nucleus during cellular stress. This difference can only be captured by detailed imaging 

analyses. For screening millions of new compounds, an imaging-based strategy takes years 

of experiment, quadrillion bytes of data storage, and thousands of hours of CPU time 

for data processing. Here, we developed a deep learning-based method to facilitate the 

screening tasks and reduced the experimental and computing task by over 10,000 times. 

Our research demonstrated the power of graph based deep learning technologies on drug 

discovery for liquid-liquid phase separation for the first time. This strategy can be widely 

used for screening for other types of LLPS phenomena, if a small pilot screen has been 

successfully conducted.

In this study, we made an initial yet fundamental trial of molecular graph-based virtual 

screening technology for in silico drug discovery; we had demonstrated that such a novel 

architecture performs well in few-shot learning case, especially upon the ones with biased 

distribution. The results of MD simulations further confirmed the inhibition effects of 

the identified compounds and provide valuable instructions for chemical optimization. 

However, it is worth noting that, the accuracy of this model may be largely limited by 

the overall molecular diversity of the original training data; thus, we anticipate that the 

data sampling could be further enhanced with experimental collection of new compounds. 

Although we have not clearly identified the biological targets of these compounds, we have 

demonstrated that they share common molecular moieties that could potentially target the 

same biological pathways. We demonstrated the specificity of compound A2 by showing 

they do not inhibit the NCOR2 droplets, and the therapeutic potential by showing that 

they can also inhibit another mutant form of TDP-43. The compound A5 can inhibit 

anisosomal formation in general, providing a useful lead compound for identifying the 

common mechanism of anisosome formation. Doxycycline, an FDA-approved antibiotic, 

has been widely used for inducing gene expression, because it has been safely used at 

a similar concentration for treating millions of patients over many decades. However, we 

cannot rule out that the presence of doxycycline might cause some cellular stress that 

might affect the screening outcome, although this possibility is very low. Future directions 

will focus on the mechanistic insight, including 1) discover the biological targets of the 

top candidates, 2) determine the binding affinity of the compounds, and 3) determine the 

molecular mechanisms on how the compounds change the LLPS behavior of TDP-43. 

Because we are aiming to identify compounds of therapeutic potential in the central nervous 

system, future ex vivo experiments should be conducted in neuron-like cells such as SH-

SY5Y cells or induced pluripotent stem cell-derived neurons. Taken together, we strongly 

believe that deep learning-based technology will substantially promote compound screen for 

liquid-liquid phase separation.
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Experimental Section

Plasmids

The TDP-432KQ-clover expression plasmid and the inducible expressing system (rtTA3G) 

was previous published7. NCOR2-clover expressing plasmid was generated by inserting the 

cDNA sequence of mouse NCOR2 aa1032–1731 to replace the TDP-432KQ sequence in the 

TDP-432KQ-clover expression plasmid.

Cell culture, lentiviral transduction and inducible expression of anisosomes

Cell lines used in this paper are: HEK293T (ATCC: CRL-11268), U2OS (ATCC: HTB-96), 

SH-SY5Y (ATCC: CRL-2266), and DLD1 (ATCC: CCL-221). Routine maintenance of 

these model cell lines follows the standard protocol. In brief, U2OS and HEK293T cells 

were cultured in complete DMEM supplemented with 10% Fetal bovine serum (FBS). 

SH-SY5Y cells were cultured in DMEM/F12 supplemented with 10% FBS. HEK293T 

(TDP-43KO) cell line17 were cultured in DMEM supplemented with NEAA (Gibco, 

11140050, 100X), Sodium Pyruvate (Gibco, 11360070, 100X) and 10% FBS.

To package lentivirus, a second-generation packaging system was used. Briefly, 0.5 million 

293T cells were seeded per well in a 6-well plate. For lentiviral transfection, 2.5 μg of the 

lentiviral plasmid, 1.25 μg of pMD2.G and 0.625 μg of psPAX2 were inoculated to each well 

using the transIT-X2 transfection reagent. Culture medium was changed to fresh medium at 

12~24 hours post transfection. Two days after transfection, the culture medium was filtered 

through a 0.45 μm syringe filter to generate the viral stock. 10–50 μg/mL protamine sulfate 

was added to the viral stock for transduction of U2OS or DLD1 cells. After 24 hours of 

incubation with cells, the virus-containing media were removed, and cells were passaged 

once before selection. Transduced cells are selected based on the selection marker encoded 

by the lentivirus. For U2OS, the concentrations of the antibiotics used for selection were 200 

μg/mL for neomycin (G418, Gibco 10131035), 20 μg/mL for blasticidin (Gibco A1113903), 

and 1 μg/mL for puromycin (Gibco A1113803). For DLD1 cells, the concentrations were 

500 μg/mL for neomycin, 20 μg/mL for blasticidin and 2 μg/mL for puromycin. Detailed 

guides and protocols posted can be found on the Addgene website:

https://www.addgene.org/protocols/lentivirus-production/

https://www.addgene.org/guides/lentivirus/

After stable cells were generated, DLD1 cells were sorted based on the fluorescence to 

generate clones from a single cell. Then, a clone was selected for the initial compound 

screen. Doxycycline-inducible U2OS stable cell lines were used as polyclonal populations 

because their genome is not stable. To induce TDP-43 and NCOR2 anisosomes formation, 

we used low dose doxycycline (1ug/mL) to treat stable DLD1 or U2OS cell lines. After 

24 hours, anisosomes start to form in the nucleus. Then compound treatment or imaging 

experiments starts between 24 and 48 after doxycycline induction.

Imaging-based compound screening

Imaging-based screening was performed by using a DLD1 clone expressing TDP-43 

anisosomes. DLD1 cells were induced by adding 1 μg/mL doxycycline (Sigma Aldrich 
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D5207) to the culture medium 24 hours before plating cells. Cells were plated in 384-well 

plate at 4000 cells/well density by using Thermo Fisher Multidrop Combi liquid dispenser. 

Cells were plated overnight before compound treatment. For each compound, three 

concentrations were applied, 1uM, 5uM and 10uM. After 24 hour compound treatment, cells 

were then fixed and imaged. ImagExpress HTai was used to capture fluorescent anisosomes. 

Exported fluorescent images were used to quantify anisosome numbers per cell. The purity 

of all compounds used in this manuscript, including lead compounds is >95%.

Stress granule induction and immunostaining

DLD1 cells were plated in 96 well plate with 1.5HN glass bottom. Cells were treated with 

different compounds (A1~A5) at 10μM for 24 hours. Then 250uM sodium arsenite (Sigma 

#106277) were added for 1 hour to induce stress granule in compound-treated cells. DMSO 

was used as control. After arsenite treatment, cells were fixed by treated cells with 100uL 

4% paraformaldehyde (PFA) in PBS per well for 10 minutes at room temperature. Standard 

immunostaining was performed on fixed cells. Fluorescent images were taken after the 

staining by spinning-disc confocal and maximum intensity projection images were analyzed.

Standard immunostaining was performed on fixed cells. After removing fixative buffer, 

cells were rinsed with 200uL PBS twice to remove residue PFA. Then cells were treated 

with 1% Triton X-100 in PBS buffer to permeable the cell membrane. Then cells were 

treated in the blocking buffer (5% BSA, 0.1% Trinton X-100 in PBS) for 1 hour. Blocking 

buffer were also used for primary and secondary antibody incubation. Primary antibodies 

(G3BP1: Proteintech 13057–2-AP, and NPM1: Thermo Fisher FC-61991) were diluted to 

1:100 and applied to cells for 1 hour at room temperature, then primary antibody buffer were 

removed by aspiration. Three washes with the washing buffer (0.1% Trinton X-100 in PBS) 

were introduced before incubation of secondary antibody. Alexa488-conjugated anti-rabbit 

antibody and Cy3-conjugated anti-mouse antibody were used as secondary (1:1000). Cells 

were incubated with secondary antibody for 30min. Then 4 washes were conducted to 

remove residual unbound antibodies. Then cells were stained with DAPI for the nuclear 

DNA.

Detailed protocol can be found on Abcam webpage:

https://www.abcam.com/protocols/immunocytochemistry-immunofluorescence-

protocol

Quantitative real-time PCR

Total RNA was harvested from compound-treated Sh-Sy5y neuron-like cells. Cells 

were treated with compounds at 10uM final concentration for 24 hours before 

harvesting. The cDNAs were generated by using standard protocol recommended by 

the High-Capacity cDNA Reverse Transcription Kit (ThermoFisher Catlog # 4368813). 

Quantitative real-time PCR was carried out in triplicates, using iTaq Universal 

SYBR green (Bio-Rad) in a CFX Opus 96 real-time PCR system. Primer sets for 

STMN splicing: full length STMN2 forward, F: 5’-AGCTGTCCATGCTGTCACTG-3’; 

full length STMN2 reverse, 5’-GGTGGCTTCAAGATCAGCTC-3’; 

Truncated STMN2 forward, 5’-GGACTCGGCAGAAGACCTTC-3’; Truncated 
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STMN2 reverse, 5’-GCAGGCTGTCTGTCT CTCTC-3’; HRPS18 

forward, 5’-GCAGAATCCACGCCAGTACAA G-3’; HRPS18 reverse, 5’-

GCTTGTTGTCCAGACCATTGGC-3’.

Graph convolutional network as the deep learning method for in silico screening

Molecular graphs-based screening approaches have been proven to own robustness for 

challenging structural assignments,11, 18 as these kinds of methods could directly extract 

structure information from drug compounds to realize accurate classification instead 

of utilizing external descriptors.19 However, it is flexible to include different chemical 

knowledge as collected descriptors for specific screening tasks.12, 13, 20 In addition, the 

computational cost of GCN-dominant methods can be substantially reduced compared to 

conventional computations. In this study, we applied our self-developed GCN model for 

drug screenings with a focus on anisosome inhibitors, and the SchNet architecture was 

employed. The schematics of the developed GCN model can be found in Figure 1. For any 

target compound, its structure information that is translated from the generated graphs of 

molecules (molecular graphs) can be obtained from its simplified molecular-input line-entry 

system (SMILES) string, such a translation can be conducted with Deep Graph Library 

(DGL) library. Then within the framework of GCN, the molecular graph will be further 

encoded into numerical descriptors for specific processing.

It is notable that the generated molecular graph is mainly composed of nodes and edges. The 

nodes represent atom points, while the edges are corresponding to inter-atomic connections, 

like bonds and etc. And with these features, the correlation between structure similarity and 

drug properties (e.g., inhibition effects) can be initialized. The most important advantage 

of GCN architecture lies in the fact that, within any molecular graph, all the connections 

between every two atoms can be fully utilized for structural information extraction. The 

numerical descriptors obtained from the graphs are recorded in a distance tensor, within the 

RBF (radial basis function) layer.Moreover, to decently encode these generated molecular 

graphs at the atomic level, several CFCONV (continuous-filter convolutions) layers that 

are used for process local correlation were added to record and optimize the inter-atomic 

information during evolution, and the chemical descriptors (features) generated by RDKit 

package are also used to enhance the screening accuracy. For example, within the n + 1 layer, 

the kth atom’s (N is the total number of atoms) evolution can be presented by the equation 

below:

ak
n + 1 =

j = 0

n
aj

n *wn dkj

where, w indicates the filter generation that can map the atoms’ descriptions to the filtration; 

and * represents element-wise multiplication. To intelligently manage the evolution accuracy 

for specific tasks, the Gaussian-type based function, gaussk, is adopted for error control, 

which can be written as below:

gaussk lkj = exp −α lkj − μm
2
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in which, μm is a pre-defined cutoff, and lkj indicates the bonding connection between the k th 

and jth atoms. The α represent hyperparameters, and in this study, it is set to 0.1.

For any specific classification task, the predicted target value, T , by GCN model should 

be verified with respect to a reference value (e.g. experimental measurement), T′, and the 

accuracy can be output with a squared loss function:

L T, T ′ = T − T′ 2

In this study, we applied the proposed GCN model to screening anisosome modulators. 

We first trained the model on the collected qHTS data, composed of ~3000 compounds. 

In our experiment, ~300 compounds show inhibition activities and the rest are inactive 

(more technical details can be found in our GitHub page: https://github.com/tcsnfrank0177/

Molecular_Intelligence_DrugDiscovery.git). The original data set was randomly divided into 

training and test sets by a ratio of 9:1. The model’s accuracy was calibrated with the results 

of the compounds that are contained in the test set. Some parameterized ML models were 

also added for secondary screening of GCN prediction results. Then we employed the well-

trained model to screen the three independent NCATS in-house libraries, Genesis, Sytravon, 

and NCATS Pharmacologically Active Chemical Toolbox (NPACT), for new candidates 

identification (the workflow can be found in Figure 2); it is worth pointing out that all the 

three libraries had not been experimentally tested upon this assay.

Molecular docking and MD simulation

To verify the binding interactions of identified compounds with the possible targets: 4bs2 

and 6g1b, molecular docking was first conducted with AutoDock Vina 1.1.221 to obtain 

the initial conformation. To decently solve the drugs’ interaction, MD simulations were 

further conducted with GROMACS 2019.6 upon the protein-drug hybrid system under the 

temperature of 310K, Amber 99 force field was applied.22 The solubility of NaCl is set to 

0.9%. The total simulation time is 100 ns, and time-step is 1 fs. We employed V-rescale 

approach for temperature control;23 and Berendsen method is adopted for pressure control.24 

Energy minimization was conducted with the Steep method for the first 10,000 steps; 

and after 10 ns’ NVT simulations, then NPT simulations were started. The electrostatic 

interactions were described by Particle Mesh Ewald (PME) method. For metadynamics 
analysis upon protein backbone, the system is described by the collective variables (CV) 

of RMSD and gyrate. The gmx sham is used for free energy landscape(FEL) analysis; and 

g_mmpbsa is employed for binding energy calculations for drug-protein hybrid systems.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations and Acronyms:

CFCONV continuous-filter convolutions

CPU central processing unit

DLD1 A colorectal adenocarcinoma cell line name

EWS Ewing’s Sarcoma RNA Binding Protein (a protein)

FLI1 Friend leukemia integration 1 (a protein name)

FTD frontotemporal dementia

FUS Fused in sarcoma (a protein name)

G3BP1 Ras GTPase-activating protein-binding protein 1 (a protein name)

GCN graph convolutional network

HOX Homobox (a protein name)

HSP70 Heat Shock Protein 70 (a protein name)

LLPS Liquid-liquid phase separation

NCATS The National Center for Advancing Translational Sciences

NCOR2 nuclear receptor corepressor 2 (a protein name)

NUP98 Nuclear pore protein 98 (a protein name)

SH-SY5Y A neuroblastoma cell line name

STMN2 stathmin2 (a protein name)

TDP-43 TAR DNA-binding protein 43 (a protein name)
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Figure 1. Imaging-based screening identifies small molecules modulating TDP-43 anisosomes.
(A) HSP70 inhibitor can modulate TDP-43 anisosomes, which encourage us to find more 

small molecules that can modulate anisosomes. (B) The workflow of conventional imaging-

based compound screen. (C) Identified compounds can modulate TDP-43 anisosomes. 

Anisosomes are highlighted with white dots in the nucleus. Compared to DMSO, WNK-643 

treated cells show increased number of anisosomes, while Withaferin A and Verdinexor 

decrease the number of anisosomes.
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Figure 2. The mechanism of GCN architecture for drug screenings.
The input simplified molecular-input line-entry system (SMILES) string is translated 

into molecular graphs that are composed of nodes and edges representing atomic and 

inter-atomic features, respectively; the structural information is extracted via encoding the 

input molecular graph with assistance of chemical descriptors, and the continuous-filter 

convolutions (CFCONV) layers are included for inter-atomic information processing.
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Figure 3. The workflow of molecular graph based screening model upon anisosome related drug 
discovery task.
The original model was trained on collected experimental data, and the well-trained model 

was applied to screen NIH in-house libraries (Genesis, Sytravon, NPACT). The top ranked 

candidates are experimentally validated by qHTS, and the identified potent compounds are 

further verified by image-based assay for activity confirmation.
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Figure 4. Biological validation of compound A1–A5.
(A) DLD1 and U2OS cells expressing TDP-43 anisosomes were treated with 10uM 

compounds A1~A5. (B) A scheme of how STMN2 mRNA splicing patterns regulated 

by TDP-43. (C) Normal and Cryptic spliced mRNA quantified by real time PCR. (D) 

U2OS cells expressing ALS-causing TDP-43K181E or NCOR2 anisosomes treated with 

10uM A2 and A5 compounds. Statistical analyses of demixing cells treated by A1–A5 are 

shown in panels E-H. (E) shows demixing of TDP-43K181E treated by 10uM A1–A5. (F) 

shows TDP-43K181E demixing under different concentration of compound A2. (G) shows 

demixing of NCOR2 treated by 10uM A1–A5. (H) shows NCOR2 demixing under different 

concentration of compound A3. Statistical analysis: one-way ANOVA.
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Figure 5. Molecular simulation predicts compound A2 interacting at the dimer interface of 
TDP-43 N-terminal domain.
(A) and (B) The molecular docking and MD simulation results of A2–6B1G and A2–4BS2 

hydrid systems, metadynamics analysis is applied for conformation searching. (C) The 

calculated free energy items (in kJ·mol−1) by MD simulations for these two hybrid systems 

are summarized.
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