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Monday ( December 15 )
----------------------------------------------------------------------------------------------

Protein sequence-structure co-generation using diffusion and flow matching 
algorithms

Buyong Ma ( 马步勇 )
Shanghai Jiao Tong University

The functional diversity of proteins stems from the encoding in their amino acid sequences 
and corresponding structures, whereas traditional protein design methods often overlook the 
evolutionary information coupled with sequence-structure interactions. We have designed 
algorithms to co-generate protein structure and sequence based on two popular algorithms: 
diffusion model and the flow matching algorithm. Both models train efficiently on limited datasets, 
producing protein structures with high validity. The diffusion model was used to design protein and 
antibodies targeting specific binding epitopes, with balanced distributions of alpha helical and beta 
structures. The flow matching algorithm was used to (1) co-generate protein structure and sequence 
unconditionally; and (2) design binding pockets of peptides. Our methods effectively incorporate 
sequence and structure evolutionary information, and provides efficient tools for protein design.

Insight into RNA 3D structure prediction from sequence-structure relations

Yi Xiao ( 肖奕 )
Huazhong University of Science and Technology

Current Methods of predicting RNA 3D structures suffer challenge problems in accuracy and 
generalization. Although the well-known reason for this is the scarcity of solved 3D structures, there 
exist deeper reasons from sequence-structure relationships. Here we have analyzed the relationships 
between RNA sequence, secondary structure, and tertiary structure by using increasingly abundant 
RNA structural data. The results show: (1) Only longer RNAs (>= 80nt) have clear relations 
between sequence, secondary structure and tertiary structure and for shorter RNAs these relations 
are ambiguous; (2) For longer RNAs, two tertiary structures are similar when their sequences 
are about 50% identical and their secondary structure and tertiary structure have a strong linear 
correlation. These results can explain some of the key issues affecting accuracy and generalization 
of RNA 3D structure prediction and are very important to consider them in future development.

拓扑预测蛋白质复合物结构

Xinqi Gong ( 龚新奇 )
Renmin University of China

本报告聚焦于拓扑学与图学习在生物计算中的前沿应用。我们首先开发了一种基于图神经网
络（GNN）的模型，通过融合注意力机制与信息传递，整合蛋白质的序列（ESM2）与三维
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结构信息，实现了对蛋白质寡聚体化学计量比的精准预测。为进一步评估蛋白质复合物结构
质量，我们创新性地将持久同调性（Persistent Homology）这一拓扑工具引入图神经网络，
提出了 TopoQA 方法，该方法能有效表征原子环境的高阶拓扑特征，在多个基准测试中的性
能超越现有主流方法。此外，我们将拓扑粗粒化思想拓展至多组学数据分析，提出了 scHG
框架，通过构建 “ 超细胞 ”（Supercell）来刻画细胞间的高阶邻域关系，在大幅提升稀有细
胞群体识别精度的同时保持了亚线性计算复杂度。系列工作表明，拓扑增强的计算框架为从
分子互作到细胞异质性的多尺度生物问题提供了统一且强大的解决方案。

Traditional Methods or AI? Thinking Computation for Future Sugar Molecule 
Nanopore Sequencing

Benzhuo Lu ( 卢本卓 )
Academy of Mathematics and Systems Science, Chinese Academy of Sciences

This report discusses the computational issues that may be faced in future sugar molecule 
sequencing, as well as our reflections on some traditional technologies and current AI approaches. 
Sugar molecular sequencing is a newly launched project of China. The principle is that different 
sequences of sugar molecules can generate different ion current signals when passing through 
nanopores, and sugar molecule sequencing attempts to determine the sequence information of 
molecules based on the measured current. From the perspective of simulation calculation, this report 
only considers solving the forward problem by solving the PDE model (such as the PNP equation 
system) to calculate the current. Our traditional finite element calculation work, including both 
body-fitted and unfitted finite element methods and their related surface/volume mesh generation 
methods for molecular and membrane channel systems, has undergone some years of efforts. 
Currently, the robustness of such algorithms still needs to be improved, but what is even more 
challenging is that there may still be several orders of magnitude gap in computational efficiency 
for future sugar molecule sequencing needs, which is estimated to be difficult to meet. With 
the advancement of AI, another potential efficient approach to solving PDE is to study operator 
learning methods, which search for mappings from infinite dimensional parameter spaces (including 
geometric shapes) to equation solutions. Application of the learned operator is expected to greatly 
improve efficiency. At the end of the report, we will also introduce some preliminary efforts in this 
direction.

Mathematical AI for virtual screening of drug discovery

Jian Jiang ( 江健 )
Wuhan Textile University

The ongoing opioid crisis highlights the urgent need for novel therapeutic strategies that can be 
rapidly deployed. This study presents a novel approach to identify potential repurposable drugs for 
the treatment of opioid addiction, aiming to bridge the gap between transcriptomic data analysis and 
drug discovery. Specifically, we perform a meta-analysis of seven transcriptomic datasets related 
to opioid addiction by differential gene expression (DGE) analysis, and propose a novel multiscale 
topological differentiation to identify key genes from a protein-protein interaction (PPI) network 
derived from DEGs. This method uses persistent Laplacians to accurately single out important nodes 
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within the PPI network through a multiscale manner to ensure high reliability. Subsequent functional 
validation by pathway enrichment and rigorous data curation yield 1,865 high-confidence targets 
implicated in opioid addiction, which are cross-referenced with DrugBank to compile a repurposing 
candidate list. To evaluate drug-target interactions, we construct predictive models utilizing 
two natural language processing-derived molecular embeddings and a conventional molecular 
fingerprint. Based on these models, we prioritize compounds with favorable binding affinity profiles, 
and select candidates that are further assessed through molecular docking simulations to elucidate 
their receptor-level interactions. Additionally, pharmacokinetic and toxicological evaluations 
are performed via ADMET (absorption, distribution, metabolism, excretion, and toxicity) 
profiling, providing a multidimensional assessment of druggability and safety. This study offers a 
generalizable approach for drug repurposing in other complex diseases beyond opioid addiction.

Spatial graphs, their invariants and applications

Andrey VESNIN
Sobolev Institute of Mathematics of the Russian Academy of Sciences

Spatial graphs are embeddings of graphs in a 3D space with edges realized by curves. Even if a 
graph has a simple combinatorial structure, it can be embedded in a topologically complicated way. 
Two spatial graphs are said to be topologically equivalent if one can be moved to the other by a 
continuous deformation of a space. Spatial graphs are relevant mathematical objects to describe both 
combinatorial and topological properties of various 3D systems, from biological to engineering. We 
will discuss recent results on spatial graphs, their invariants and applications. 

Fractal dimensions and self-similarity

Jun Luo ( 罗军 )
Chongqing University

In the 1970s, French-American mathematician Benoît Mandelbrot founded a new discipline---
Fractal Geometry, which provided a theoretical framework and research methodology for studying 
disordered and irregular geometric objects or natural phenomena. It has been hailed as one of 
the most astonishing discoveries in the history of mathematics. Today, fractals appear in almost 
every branch of mathematics, and fractal geometry has become an important research field in 
the discipline. The Fields Medal has twice been awarded to mathematicians working across the 
fields of fractals, Brownian motion, and statistical physics (Wendelin Werner, 2006; Stanislav 
Smirnov, 2010). Two prominent features of fractals are fractal dimension and self-similarity. In this 
presentation, we will introduce the dimension theory of self-similar fractals and discuss its latest 
research developments.
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Vassiliev invariants for virtual knotoids

Fengling Li ( 李风玲 )
Dalian University of Technology

In this talk, we introduce two Vassiliev invariants of virtual knotoids. We extend the chord index 
axioms for virtual knots to virtual knotoids. On this basis, we construct a smoothing invariant F  
of virtual knotoids which takes values in a ring of flat virtual knotoids, and then prove that F  is a 
Vassiliev invariant of order one. Moreover we construct a universal Vassiliev invariant G of order 
one of virtual knotoids. We demonstrate that G is stronger than F , to prove this result, we extend the 
singular based matrix invariant for singular virtual strings introduced by Henrich to singular virtual 
disconnected-strings corresponding to singular flat virtual knotoids with one singular crossing.

The topological methods for signed graph coloring

Lujia Wang ( 王路嘉 )
Hainan Bielefeld University of Applied Sciences

Signed graphs are graphs endowed with a signature function that assigns a positive or negative sign 
to each edge. They have become a powerful model for analyzing the social behavior of populations 
where both antagonistic and agonistic interactions are present. The basic problem of graph coloring 
can be generalized to the problem of partitioning a signed graph into balanced sets, i.e., sets of 
vertices that do not induce negative cycles. Inspired by Lovász’s resolution of Kneser’s conjecture 
in 1977, we introduce topological methods for the coloring of signed graphs. In this talk, we will 
present a signed analogue of Kneser’s conjecture, describe colorful results for the coloring of 
Kneser signed graphs, and discuss some recent developments in the study of box complexes for 
signed graphs.

Tuesday ( December 16 )
----------------------------------------------------------------------------------------------

A reference panel assisted geometric structure non-negative matrix factorization 
for the deconvolution of bulk tissue RNA-seq data. 

Shaoyu Li ( 李少玉 )
University of North Carolina at Charlotte

Deconvolution analysis for bulk RNAseq data to obtain both cell type specific gene expression 
profiles (GEP) and relative cell abundances remains challenging. A commonly used fundamental 
framework, the nonnegative matrix factorization (NMF), is mathematically ill-posed. Despite 
several of NMF-based deconvolution methods with encouraging benchmarks, clear guidance on 
overcoming ill-posedness and improving accuracy is still limited. We introduce an augmented 
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geometric structure guided NMF (GSNMF+) model, a deconvolution framework in which both 
factor matrices are constrained to satisfy identifiability/solvability conditions from NMF theory. 
GSNMF+ recognizes and preserves the geometric structures of marker genes in bulk tissue data 
to stabilized GEP estimation and augments the factorization with artificially generated pseudo-
bulk samples that help strength the linear link between cellular compositions and marker gene 
expression, thereby enhancing robustness. The framework also enables a component annotation 
module to facilitate biological interpretation of the inferred components. Across simulated datasets 
and realistic Plasmodium bulk RNA-seq data, GSNMF+ accurately recovers underlying stage 
compositions and compared with existing deconvolution methods, exhibits greater stability and 
reliability across diverse settings.

Optimization Inspired Deep Unrolling for Spot Resolved Spatial Transcriptomics 
Cell Type Deconvolution

Weihong Guo ( 郭卫红 )
Case Western Reserve University (USA)

Spatial transcriptomics (ST) is revolutionizing biology and medicine by linking gene expression to 
tissue architecture. This integration provides the spatial resolution and biological context necessary 
to unravel complex processes such as development, disease progression, immune responses, and 
therapeutic outcomes. Most current ST technologies (e.g., 10x Visium) measure gene expression at 
the spot level, where each spot aggregates transcripts from multiple cells. To resolve the underlying 
cellular composition, one often needs to incorporate single-cell RNA sequencing (scRNA-seq) data 
to conduct a nonnegative matrix factorization. We start with an optimization-based framework that 
is used to find cell type decomposition from spatial transcriptomics (ST) and scRNA-seq data. The 
algorithm is then unrolled into a deep learning architecture with clear mathematical interpretability. 
Starting from a regularized least-squares model integrating graph Laplacian smoothness, simplex 
constraints, and group sparsity, we derive iterative update rules that form the foundation of our 
network. Each unrolled layer corresponds to one solver iteration, preserving explicit data fidelity, 
spatial regularization, and regional similarity structures. By training end-to-end with synthetic 
or real data, the model learns all hyperparameters directly, achieving efficient, interpretable, and 
data-driven inference of cell-type proportions while maintaining the mechanistic transparency of 
the original optimization formulation. Ablation study and comparison with some state of the arts 
methods demonstrate the advantages of the proposed method. 

Path homology and it’s applications in Bioinformatics

Jingyan Li ( 李京艳 )
Beijing Institute of Mathematical Sciences and Application

Path homology was introduced by Prof. Shing-Tung Yau and collaborators in 2012. Its key 
innovation lies in constructing a path complex directly from digraphs. By forming a chain complex 
using ∂-invariant paths, the theory defines path homology groups. This allows algebraic topology 
tools to be naturally applied to directed networks, without simplifying them into undirected 
structures---preserving important directional information. Since undirected networks can be viewed 
as a special case of directed ones (e.g., by replacing each undirected edge with two directed edges), 
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path homology can also extract structural and shape features from such data. In this talk, I will 
explain how path homology extracts k-mers from DNA sequences and filters them using relative 
distances to form a series of nested graphs. It captures the shape of k-mers by tracking changes in 
Betti numbers through persistent path homology.

Variational implicit-solvent predictions of ligand-receptor binding and unbinding 
kinetics

Shenggao Zhou ( 周圣高 )
Shanghai Jiao Tong University

Ligand-receptor binding and unbinding are fundamental biomolecular processes and particularly 
essential to drug efficacy. Environmental water fluctuations, however, impact the corresponding 
thermodynamics and kinetics and thereby challenge theoretical descriptions. We devise a holistic, 
implicit-solvent, multi- method approach to predict the (un)binding kinetics for a generic ligand-
pocket model. We use the variational implicit-solvent model (VISM) to calculate the solute-solvent 
interfacial structures and the corresponding free energies, and combine the VISM with the string 
method to obtain the minimum energy paths and transition states between the various metastable 
hydration states. The resulting dry-wet transition rates are then used in a spatially dependent multi-
state continuous-time Markov chain Brownian dynamics simulation and the related Fokker-Planck 
equation calculations of the ligand stochastic motion, providing the mean first-passage times for 
binding and unbinding. We find the hydration transitions to significantly slow down the binding 
process, in semiquantitative agreement with existing explicit-water simulations, but significantly 
accelerate the unbinding process. Our study thus provides a significant step forward toward efficient, 
physics-based interpretation and predictions of the complex kinetics in realistic ligand-receptor 
systems. 

CovHull-RNA: a geometric learning model using asymmetric covariance k-mers 
and convex-hull separation for ncRNA family classification

Guoqing Hu ( 胡国庆 )
Hetao Institute of Mathematics and Interdisciplinary Sciences (HIMIS)

High-throughput sequencing has revealed an expanding landscape of non-coding RNAs (ncRNAs), 
yet the biological functions of most newly identified ncRNAs remain unknown. Members of the 
same ncRNA family typically share structural or regulatory properties, making accurate family 
classification an important step toward functional inference. However, distinguishing ncRNA 
families based solely on primary sequence length poses a challenge, and existing biological 
approaches are not suitable for large-scale prediction due to the cost and labor required. Here, we 
propose CovHull-RNA, a geometric learning framework that  integrates asymmetric covariance 
k-mer natural vectors, convex-hull discrimination, and machine learning models to achieve highly 
accurate ncRNA family classification. CovHull-RNA maps RNA sequences into a feature space in 
which the asymmetric covariance structure of k-mer distributions captures discriminative sequence 
patterns. By identifying the optimal k-mer dimensionality and leveraging convex-hull geometry, 
the method provides a theoretically grounded basis for family-level separation. When combined 
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with machine learning classifiers, CovHull-RNA achieved 100% accuracy in distinguishing seven 
mammalian and multispecies ncRNA families—a task for which we prove perfect separability. 
Even in more challenging scenarios involving 10 and 20 ncRNA families, the classifier retained 
exceptionally high performance (>0.99 and >0.98 accuracy with 5-mers). In addition, CovHull-RNA 
successfully differentiated coding from non-coding RNA with 98% accuracy. Collectively, CovHull-
RNA offers a robust, scalable, and interpretable strategy for ncRNA classification, providing a 
foundation for large-scale functional prediction in the post-transcriptomic era.

Multi-Cover: A Mathematical Framework for Topological Data Analysis and 
Deep Learning

Yipeng Zhang ( 张祎芃 )
Nanyang Technological University

Topological Data Analysis (TDA) has made significant contributions to molecular and materials 
science. Multi-Cover Persistence (MCP) and its associated Rhomboid Tiling (RT) structure, as a 
generalization of the alpha shape in TDA, provide a powerful framework for capturing the shape 
and higher-order geometric features of objects. Leveraging these concepts, we developed three 
innovative computational models: First, a featurization-based machine learning model where the 
MCP framework extracts topological features from the persistent homology of molecular multi-
covers to predict polymer properties with high accuracy. Second, the RT structure forms the basis 
for a hierarchical graph pooling model for molecular graph classification tasks. Third, building upon 
RT's multi-scale hierarchical structure, we developed a topological deep learning model that utilizes 
RT's higher-order geometric relationships to design an advanced message-passing mechanism. This 
framework demonstrates effectiveness in protein complex quality assessment. All three models 
show excellent performance, highlighting the versatility of MCP and RT in advancing polymer 
informatics, geometric graph learning, and topological deep learning applications.

The Grand Biological Universe: A Comprehensive Geometric Construction of 
Genome Space

Hongyu Yu ( 余泓谕 )
Tsinghua University

With the rapid advancement of DNA sequencing technologies, the accumulation of massive 
biological data has created unprecedented opportunities to explore the fundamental principles of 
biology. In this seminar, we adopt a mathematical perspective to uncover the universal geometric 
laws underlying biological taxonomy from whole-genome data. Starting from the framework of 
the natural vector, we integrate all high-quality complete genome sequences to construct the Grand 
Biological Universe. A key discovery is the multi-level convex hull principle, which demonstrates 
that, across multiple taxonomic hierarchies, the natural vectors of different biological groups 
form distinct, non-overlapping convex hulls. This separation arises from inherent biological 
characteristics rather than artifacts of high-dimensional geometry. The resulting model depicts a 
hierarchical biological universe, where the seven major biological groups form mutually disjoint 
biological galaxies, each comprising a series of mutually exclusive biological star clusters. These 



The 7th TSIMF Conference on Computational and Mathematical Bioinformatics and Biophysics 8

star clusters are constituted by the natural vectors of genomes corresponding to their respective 
classifications. Sequence similarity can be quantitatively measured by a natural metric derived from 
the model. Overall, this framework provides a novel geometric perspective for understanding the 
mathematical laws governing biological classification.

Wednesday ( December 17 )
----------------------------------------------------------------------------------------------

Mathematical and statistical models for integrative analysis of multi-modal 
brain imaging and multi-omics data

Yuping Wang ( 王玉平 )
Tulane University

Recent years have witnessed the convergence of multiscale and multimodal brain imaging and 
omics techniques, showing great promise for systematic and precision medicine. In the meantime, 
they also bring significant data analysis challenges when integrating and mining these large 
volumes of heterogeneous datasets. In this talk, firstly I will give an overview on the combination 
of multi-modal brain imaging and omics for precision medicine. Secondly, I will present our 
latest developments of mathematical and statistical models for multi-scale data representation and 
analysis. Thirdly, I will present examples of applying these models to the extraction of biomarkers 
from (epi)genomics and MRI imaging data. In particular, I will focus on the integration of multiscale 
genomic and imaging data for improved diagnosis of mental illnesses (e.g., schizophrenia) and brain 
development study. 

Decoding Microbiome Dual Mediation: Introducing ZIMMA for Enhanced 
Zero-Inflated Data Analysis

Liangliang Zhang ( 张亮亮 )
Case Western Reserve University

Given the complex interactions between the microbiome, the host, and external factors, causal 
mediation analysis is essential for unraveling how dysbiosis or microbial imbalance mediates the 
effects of interventions or environmental exposures on health outcomes. However, zero inflation in 
microbiome count data complicates high-dimensional mediation analysis, as frequently employed 
zero-inflated models often struggle to distinguish true zero inflation from the underlying count 
distribution. To address this, we employ a zero-inflated negative binomial distribution for each 
mediator within a Bayesian framework, incorporating spike-and-slab priors to enable sparsity 
in estimating natural indirect effects (NIE) and an informative prior based on non-zero counts to 
improve dispersion estimation and account for zero sources. Recognizing the distinct biological 
mechanisms underlying microbial presence versus abundance, we developed a dual mediation 
model, ZIMMA, to separate the NIE into pathways for mediator abundance and prevalence. 
Extensive simulations demonstrate ZIMMA’s superior performance in capturing distinct mediation 
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mechanisms for both rare and abundant species compared to existing methods. Its application 
to human microbiome studies examining the effects of dietary intake and metabolic syndrome 
underscores its efficacy in identifying key microbial mediators, offering valuable insights and 
biological interpretation into the role of the microbiome in disease physiology and health sciences.

Introduction of mean-field theory allows stabilizing selection to maintain genetic 
polymorphism of a polygenic trait

Qi Wu ( 吴琦 )
Beijing Institute of Mathematical Sciences and Applications(BIMSA)

In evolutionary theories of quantitative traits, the crux of the problem with stabilizing selection is 
that it removes, rather than retains, variation at underlying loci. We introduce mean-field theory to 
re-analyze this problem mathematically rigorously.We note that the change in allele frequencies pi 
at the focal locus i is contributing to the population mean µ of the trait. Therefore in the analysis of 
classic model, there is a contradiction between the two conditions assuming the equality of optimal 
phenotypic value theta and mu and existing a small perturbation in pi. We were surprised to find 
that, when µ was decomposed to explicitly represent the effects of all underlying n loci, the unstable 
equilibrium point of allele frequency values between 0 and 1 identified by classical model became a 
stable one. This implies a completely different theoretical insight that stabilizing selection alone can 
preserve diversity of underlying loci of a polygenic trait.

Polygenic risk, Aspirin and the Primary Prevention of Cardiovascular disease

Chenglong Yu ( 于成龙 )
Monash University

Aim: We investigate if a high-risk subgroup, individuals with elevated genetic predisposition, might 
derive more benefit than harm on aspirin, compared to those with lower genetic risk. Method: We 
used a state-of-the-art coronary artery disease (CAD) polygenic risk score (GPSMult) to stratify 
the ASPREE randomized controlled trial population. We analysed 12,031 genotyped participants 
(mean age 75.1 years; 54.9% female; 5974 aspirin versus 6057 placebo) overall, then stratified by 
GPSMult quintiles (q1-5), examining risk of CAD (composite of myocardial infarction and CAD 
death) and bleeding (major hemorrhage) events. Results: During a median 4.6 years of follow-up 
with randomization to 100 mg/day, 234 (1.9%) had CAD and 373 (3.1%) had bleeding events. In 
the overall cohort, aspirin resulted in higher bleeding risk (HR=1.30 [1.06-1.61], P=0.02) but no 
significant reduction in CAD (HR=0.84 [0.64-1.09], P=0.19). However, after genetic stratification, 
among the highest quintile of polygenic risk (q5, top 20%) there was a 47% reduction in risk of 
CAD on aspirin (HR=0.53 [0.31-0.90], P=0.02) with no higher bleeding risk (HR=1.05 [0.60-1.82), 
P=0.88). Interaction between GPSMult and aspirin was significant for this comparison for CAD (q5 
versus q1 P=0.02) but not bleeding (P=0.80). In the individual lower quintile groups (q1-q4) there 
was no reduction in CAD risk on aspirin (P>0.05). Conclusion: Individuals with an elevated genetic 
predisposition, derive a net benefit on aspirin for primary prevention of CAD, relative to individuals 
with lower genetic predisposition or the overall population, where bleeding risks outweigh benefits.
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VISTA: A Tool for Fast Taxonomic Assignment of Viral Genome Sequences and 
Its Applications

Yiyun Liu ( 刘依云 )
Beijing Institute of Genomics Chinese Academy of Sciences / China National Center for 

Bioinformation

The rapid accumulation of viral genome sequences in public databases necessitates a scalable, 
universal, and automated taxonomic framework for comprehensive virus studies. Here, we introduce 
VISTA (Virus Sequence-based Taxonomy Assignment), a tool for viral genome classification that 
employs a novel pairwise sequence comparison system combined with an automatic and objective 
algorithm for selecting demarcation thresholds across taxonomic ranks. Leveraging physio-
chemical property sequences, k-mer profiles, and machine learning techniques, VISTA constructs a 
robust distance-based framework for taxonomic assignment (Zhang et al., Genomics, Proteomics & 
Bioinformatics, qzae082, 2024). VISTA is functionally analogous to the widely used PASC (PAirwise 
Sequence Comparison) tool, but it offers several key advantages: significantly improved separation 
for taxonomic groups, more objective taxonomic demarcation thresholds, faster processing speeds, 
and a broader application scope. We have successfully applied VISTA to 39 viral families, and the 
class Caudoviricetes, demonstrating its scalability, stability, and accuracy in taxonomic assignment 
across both prokaryotic and eukaryotic viruses. Furthermore, VISTA analyzed 679 unclassified 
prokaryotic viral genomes from metagenomic datasets, leading to the identification of 46 novel virus 
families in the Caudoviricetes class. VISTA is freely accessible both as a command-line tool and 
a user-friendly web portal at https://ngdc.cncb.ac.cn/vista. Currently, we are using VISTA outputs 
to establish gold-standard genus and species demarcation criteria for multiple viral families in 
collaboration with ICTV (International Committee on Taxonomy of Viruses) Study Groups, initially 
covering Arteriviridae, Dicistroviridae, and Filoviridae.

Thursday ( December 18 )
----------------------------------------------------------------------------------------------

AIDD and drug candidates by super-computing: Anti-Aging, Cancer and 
Covid-19

Dongqing Wei ( 魏冬青 )
Shanghai Jiaotong University

Identifying drug-target interactions (DTIs) is an important step for drug discovery and drug 
repositioning(BIB 2019,2020,2021,2022). To reduce the experimental cost, many computational 
approaches have been developed by our team, for example, deep forest, multi-label learning 
and graph deep neural networks.  The proposed methods/models are applied to both data sets, 
demonstrating its superiority over other machine learning methods and several existing methods. 
We also engaged  in designing and screening bioactive peptides against various gene targets 
for different diseases (Nature MI 2022). We develop the TransMut framework—composed of 
TransPHLA for pHLA binding prediction and an automatically optimized mutated peptides (AOMP) 
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program—which can be generalized to any binding and mutation task of biomolecules.  The 
proposed framework may automatically generate potential peptide vaccines for experimentalists.  
AI and computational played an essential role in discovery of wgx-50, a new agonist of a membrane 
protein, α7nAChR, which is extracted from the Sichuan pepper. Extensive experimental studies 
show  it could combine with α7nAChR on nerve cells, induce depolymerization of Aβ, inhibit Aβ-
induced neurocyte apoptosis, and suppress the release of TNF-αand IL-1β from microglia. In vivo 
experiments showed that it could improve the cognition ability in APP-Transgenic Mice. These 
results suggest that wgx50 is a promising drug candidate for AD treatment.  Anti-aging potential 
was explored with C. elegans and mouse model, the life span are significant increased, about 30% 
and 100% respectively.   Mouse models were also used to evaluate the potential cardio-protective 
effect of wgx-50. It is found that it effectively reduces iron accumulation, preserves mitochondrial 
function, regulates lipid metabolism, and maintains cell redox status, thereby protecting 
cardiomyocytes from DOX-induced ferroptosis.  

Drug-tolerant persister cell-induced resistance to targeted therapy revealed by 
an individual-cell-based model

Jinzhi Lei ( 雷锦志 )
Tiangong University

Drug resistance remains a major obstacle to the long-term success of targeted therapies. Among 
the resistance mechanisms, non-genetic processes---particularly those mediated by drug-tolerant 
persister cells (DTPs)---are still poorly understood. To investigate the evolutionary dynamics 
of DTP-induced tumor relapse, we develop a hybrid computational framework that integrates a 
mathematical model with individual-cell-based stochastic simulations. The simulations reproduce 
the temporal progression of tumor relapse observed in experimental studies, capturing the 
emergence of DTPs during short-term treatment and resistant cells under prolonged therapy. By 
incorporating epigenetic states of tumor cells, our model links microscopic cellular plasticity to 
macroscopic population dynamics, thereby revealing how heterogeneity drives tumor evolution. 
Furthermore, we design optimal adaptive treatment strategies through in silico clinical trials using 
virtual patient cohorts, demonstrating that such strategies can significantly delay tumor relapse. This 
multiscale modeling approach provides a framework to dissect DTP-driven resistance mechanisms 
and to design more effective therapeutic strategies. 

Manifold Fitting in Single Cell Analysis

Yukun Lu ( 卢昱堃 )
National University of Singapore

Modern biomedical research increasingly relies on large-scale, multimodal data with complex and 
nonlinear structures that challenge traditional statistical tools. Single-cell RNA sequencing (scRNA-
seq) exemplifies these difficulties due to its high dimensionality, sparsity, and substantial technical 
noise, which obscure latent biological heterogeneity. This talk presents Single-cell Analysis via 
Manifold Fitting (scAMF), a geometry-aware statistical framework that uncovers the intrinsic 
manifold structure underlying noisy gene expression data. Unlike conventional embedding methods 
that project data into low-dimensional spaces, scAMF directly reconstructs a manifold within the 
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original gene-expression space, aligning each cell toward its local tangent structure to denoise 
expression vectors while preserving biologically meaningful geometry. The framework integrates 
data transformation, manifold fitting, and unsupervised clustering into a unified pipeline, supported 
by an unsupervised validation index for automatic model selection without ground-truth labels. 
More broadly, scAMF advances non-Euclidean statistical methodology in single-cell analysis by 
providing a principled, interpretable, and geometry-preserving representation of cellular states, 
offering a rigorous foundation for modeling latent structures in high-dimensional transcriptomic 
data.

Multiscale HOMFLY Polynomial of Curves in 3-space and Its Applications

Xuejiao Mao ( 毛雪娇 )
Dalian University of Technology

Curves in 3-space are ubiquitous across various fields, and measuring the entanglement complexity 
of open and closed curves in 3-space has been a critical issue in biological domain and physical 
systems. As a knot invariant, the HOMFLY polynomial can characterize the entanglement of 
links. The Skein-Template Algorithm is a fundamental method for computing the HOMFLY 
polynomial of links.  In this paper, we extend it to define the HOMFLY polynomial of linkoids and 
further generalize it to calculate the HOMFLY polynomial of a collection of curves in 3-space.  
Furthermore, we propose the multiscale HOMFLY polynomial, a localized model designed to 
capture the entanglement of curves. The stability is proved rigorously to ensure robustness in 
practical applications. Our model demonstrates superior performance in B-factor prediction on three 
benchmark datasets, outperforming existing state-of-the-art methods.  

Design and Implementation of a Fast Algorithm for Asymmetric Natural Vector 
Enables Rapid Large-Scale Biological Data Analysis

Piyu Zhou ( 周丕宇 )
Beijing Institute of Mathematical Sciences and Applications(BIMSA)

Driven by high-throughput sequencing, biological sequence data are accumulating at an 
unprecedented rate, making sequence analysis ever more central to biological research. The 
asymmetric covariance natural vector (ACNV) is a recently introduced, alignment-free methods that 
has shown great promise. However, the sheer volume of data renders the method impractical. To 
remove this bottleneck, We have developed a fast algorithm specifically for ACNV computation.

The fast algorithm, which built on the binomial theorem and bitwise operations, reduces 
computational complexity and slashes the overall workload. Benchmarks show it outperforms the 
baseline simulation by at least 100×.
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Shallow neural networks for solving nonuniform size-modified Poisson-
Boltzmann equations

Jinyong Ying ( 应金勇 )
Central South University

Electrostatic potential is an essential property of biological systems. In this paper, to account 
for nonuniform steric effects, a partial differential equation constrained minimization problem is 
considered and analyzed, from which we prove the solution’s existence and uniqueness together 
with the optimality conditions. To predict the electrostatics, shallow neural networks are adopted 
to solve the optimality conditions, together with the error estimates for solving both linear and 
especially nonlinear problems by considering a nonlinear equation like the Schur complement, 
showing the convergence rate depends on the number of neurons in the hidden layer and the number 
of sampling points. Numerical tests are then followed to demonstrate the effectiveness of the method 
and some applications in predicting electrostatics and concentrations are presented.

scKSFD: Federated Distillation Model with Knowledge Sharing for Cell Type 
Classification of Clinical Transcriptome Data 

Nan Sun ( 孙楠 )
Beijing Institute of Mathematical Sciences and Applications(BIMSA)

With the rapid advancement of single-cell sequencing technology, we are entering a new era of 
biomedical data. However, the sensitive information contained in these data poses significant 
privacy protection challenges. The ability to share and analyze data across institutions without 
compromising individual privacy has become an urgent issue to address. To tackle this challenge, 
we introduce an innovative Federated Distillation model with Knowledge Sharing, named scKSFD, 
for single-cell data classification. The model enables cross-institutional collaboration in classifying 
single-cell data without sharing raw data. By incorporating soft labels from a proxy dataset, scKSFD 
effectively aggregates knowledge from various clients, enhancing the model's generalization and 
robustness. Experimental results across multiple datasets demonstrate that scKSFD not only protects 
data privacy but also significantly improves model performance compared to traditional methods. 
This study provides a novel solution for privacy protection of single-cell data and demonstrates the 
potential for the application of distributed machine learning in the biomedical field.

Modeling Ion Transport in Biomimetic Ion Channels

Bin Tu ( 涂斌 )
National Center for Nanoscience and Nanotechnology

Biomimetic ion channels, inspired by the exquisite structure and function of their biological 
counterparts, hold immense potential for applications in sensing, desalination, and energy 
conversion. The rational design of these synthetic nanopores requires a profound understanding 
of the underlying ion transport mechanisms, which often deviate from bulk behavior due to 
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nanoscale confinement. The rational design of high-performance biomimetic ion channels requires 
a fundamental understanding of ion transport mechanisms across multiple spatiotemporal scales. In 
this talk, I will present an integrated multi-scale computational framework that seamlessly combines 
Density Functional Theory (DFT), Molecular Dynamics (MD), and the Poisson-Nernst-Planck (PNP) 
equation to elucidate the ion selectivity, permeability, and conductance of several representative 
biomimetic nanopores.

Multi-perspective Viral Sequence Feature Extraction

Xiang Shi ( 石想 )
Tsinghua University 

To achieve a more comprehensive interpretation of molecular structure, this study incorporates the 
three-dimensional architectural features of DNA and introduces a novel alignment-free method 
named Multi-perspective Natural Vector (MNV).

Friday ( December 19 )
----------------------------------------------------------------------------------------------

GraphPep: An Interaction-Derived Graph Learning Framework for Scoring 
Protein-Peptide Complexes

Shengyou Huang ( 黄胜友 )
Huazhong University of Science and Technology

Accurate prediction of protein-peptide interactions is critical for peptide drug discovery. However, 
due to the limited number of protein-peptide structures in the PDB, it is challenging to train an 
accurate scoring function for protein-peptide interactions. Addressing the challenge, we propose an 
interaction-derived graph neural network (GNN) model, named GraphPep, for predicting protein-
peptide interactions. GraphPep treats protein-peptide interactions instead of traditional atoms or 
residues as graph nodes in the graph representation, and also focuses on residue-residue contacts 
instead of a single peptide RMSD in the loss function. Therefore, GraphPep can not only overcome 
the small training data problem, but also efficiently consider the most important protein-peptide 
interactions. Moreover, the power of GraphPep is further enhanced by the ESM-2 protein language 
model. GraphPep is extensively tested on diverse decoy sets generated by different protein-peptide 
docking programs and AlphaFold3, and compared with state-of-the-art methods. The results 
demonstrate the accuracy and robustness of GraphPep in predicting protein-peptide complex 
structures. GraphPep is available at http://huanglab.phys.hust.edu.cn/GraphPep/.
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Integrative Cancer Molecular Subtyping of Omics Data via Multi-View 
Representation Learning

Yesen Sun ( 孙业森 )
Guangzhou Maritime University

Cancer is profoundly characterized by its heterogeneity, making accurate molecular subtyping 
critical for understanding tumor biology and guiding precision therapy. The rapid expansion 
of multi-omics data has positioned integrative analysis across molecular layers as a powerful 
strategy for deciphering complex biological mechanisms. In this study, we present a multi-view 
representation learning framework for the integrative molecular subtyping of cancer. Our model 
jointly learns shared and view-specific latent representations from diverse omics data—including 
genomics, transcriptomics, and epigenomics—to capture complementary biological information. 
By preserving both the global structure and the unique characteristics of each view, our method 
effectively identifies robust and biologically meaningful cancer subtypes. Evaluations on public 
cancer datasets demonstrate that our approach surpasses traditional clustering and single-view 
learning methods in subtype accuracy, biological interpretability, and clinical relevance. This work 
offers a novel computational framework for integrative cancer analysis and contributes to the 
advancement of precision oncology.

Energy entropy vector: a novel approach for efficient microbial genomic 
sequence analysis and classification

Hao Wang ( 王豪 )
Beijing Institute of Mathematical Sciences and Applications(BIMSA)

With the rapid development of genomic sequencing technologies, there is an increasing demand 
for efficient and accurate sequence analysis methods. However, existing methods face challenges 
in handling long, variable-length sequences and large-scale datasets. To address these issues, we 
propose a novel encoding method—Energy Entropy Vector (EEV). This method encodes gene 
sequences of arbitrary length into fixed-dimensional vector representations by modeling nucleotide 
energy characteristics based on information entropy. Experiments conducted on five microbial 
datasets demonstrate that, compared to traditional alignment-free methods, EEV achieves higher 
accuracy in convex hull classification and species classification tasks, with improvements of 
15% to 30% in family-level classification. In phylogenetic tree construction, EEV significantly 
accelerates the process relative to multiple sequence alignment methods while maintaining high tree 
quality, enabling rapid and accurate phylogenetic reconstruction. Moreover, EEV supports flexible 
dimensional expansion by superimposing nucleotide energies, enhancing its ability to represent 
complex genomic sequences while effectively alleviating sparsity issues in high-dimensional 
representations. This study provides an efficient gene encoding strategy for large-scale genomic 
analysis and evolutionary research. 


