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[Abstract] In recent years, the advent of high-throughput omics technologies has fueled an explosive growth in
human genomic data. Uncovering the latent functions within this vast data has become a significant challenge in
functional genomics research. While traditional statistical methods have proved successful for analyzing smaller-scale
datasets in the past, they exhibit clear limitations in analytical efficiency and integrating multi-dimensional data,
struggling to meet the escalating demands of contemporary genomic analysis. The introduction of deep learning (DL)
technologies offers a novel paradigm for this field. This review systematically examines the advances in applying deep
learning to human genomics research. Studies demonstrate that when ample labeled data is available, discriminative DL
computational methods—such as Convolutional Neural Networks (CNNs) and Long Short-Term Memory networks
(LSTMs)—achieve high accuracy and efficiency in genomic variant discovery tasks. Furthermore, generative DL methods,
particularly Large Language Models (LLMs) leveraging self-supervised pre-training strategies, effectively integrate
complex genomic information and exhibit superior performance in functional genomic sequence annotation and gene
regulation studies. This review also explores the application of LLMs in multi-omics data integration and prediction.
Looking ahead, the continued accumulation of long-read sequencing and high-dimensional data is expected to enable DL
technologies to integrate increasingly complex and heterogeneous genomic information, playing an increasingly crucial
role in human genomics research.
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DNA K 7 FE AR AR AR 1 B 2, 1 42
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TS % SR A DN AR TR, DA B F — 1] e il
T [ W 2 20 SR A Ay FL I 2 i) 3 B T B S A AR
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B, [ WA > SRk G T ARG AR B AR A
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fiE )1, DNAKIE TR FZIE K T 3R 0551 o3 1l
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eS| AR 2%. DNABERT-2fifi F 745 X1 4% (BPE), 1%
A I DNAKE b (9 80T e A 1T R B, B In] 28 K
JEE B BAIR] KRR AR FHGE T2 SR WA RS T e
BUFH 5] ABE BI04, (AT BRI 7 91 00 . BR
T X Al 4 i 5 354N, LA HyenaDN AR {0 R Y
DNAKIE 5 A5 F $2 (il FH SO 431w SR s, S5 R PR {7
B IF AR DN AP A ., a8 e 0T O R A by, b v B 1AL
il AN RV, T e Ak A B 30 T e P PR R G
fith o P o1 A G B v T AT A A B, (R
Hb, RN HA R AR

kmer Byte-pair encoding(BPE)
Original  CTGAATCCGTCGCTTACA Interation Corpus Vocabulary
sequnce .
¥ Tokenize 0 ATACTATCGCGCG... {A, T, C, G}
CCGTC £ AC / G CGCG.. y G, CG
Vsl oo 1 ATACTATIEGCGCC {A, T, C, G, CG}
kmer (k = 6) '(;(" ('("(‘ 2 AMACIT AT CG CG CG... {A,T,C,G,CG,TA}
...... ' 3 ATACTAT CG CG CG...
Single nucleotide
Original sequence Tokenize Vocabulary
CTGAATCCGTCGCTTACGA — [CLS], C, T, G, A, A, T, , T, A, C, G, A, [SEP]

1 DNAXBRIMEE R 7%
Fig 1 The main tokenization of the DNA large models
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R0 2R P Ry, IR AE AL R 1 3 BE 3T ME LA
T AT HI b, PRI TR B RIA8H, B 7 4
RS A AL T AR B LA, DA A S A A
HyenaDNA™'H] KB Transformer Y 32 51
B, /NI 2 R SRS U, 4l PRl L
ARSI E AR . Mamba ™ 5k T oIk 45 4% [ A
BI(SSM), Bt I 91 5 A Ay R A8 2 ) v ) e 1 37 i
I R TR SR AR R O DA B (I PR 2 A8 S 67 a5
rRe et ) , POEE O IE S 5IRE T, BRemk 1

Transformer H V£ 1 RBCRBT, SGRESR T RNNIY KT
BCIZTE W, . R Hyena 5 Mamba e & 7 F AL BESCR |
ST OCHEGEE, A0 TSR A T YR 1 Y 5 A,
S DA [ B il FEt 5 R 20 A0 5 X6 2 B A5 ) B 0 | B i
O3 HE R e B 2 AL R T 2R A R . L
AlphaGenome™ "y 3 2GR B FE K 21 2 & PSRRI U-
Net'j Transformerii & 22844, 28 T RAE 40 . K AR
AR b R I D S B AR A HE R i A 2T 5
2] e MIRZER SR Bl 2, Sl e 510 0 F 47
AP BRI, T T B 4 A AL BRROR 5
SR ERERAE R B . AR MEDNA KA R T 2545 56 1
J7R

#1 DNAKXEEFIIZER
Table 1 The pretraining information of the DNA large models

Model Data Model size Base model Pretraining task Training time
AlphaGenome Human and mouse reference Not mentioned U-Net-inspired  supervised Not mentioned

genomes, 5930 human genome backbone + multimodal

tracks, 1128 mouse genome tracks Transformer sequence-to-

blocks function
prediction

Caduceus Human reference genome 1.9 million Mamba MLM Not mentioned
DNABERT Human reference genome 90 million BERT MLM 25 days on 8 Nvidia 2080Ti GPUs
DNABERT-2  Human reference genome, genome 117 million BERT MLM 2 weeks on 8 Nvidia RTX2080Ti

data of the 135 other species GPUs

(including fungi, protozoa,

mammals, invertebrates, etc.)
Evo 2.7 million prokaryotic and phage 7 billion StripedHyena CLM Stage 1: 2 weeks on 64 Nvidia H100

genomes GPUs; Stage 2: 2 weeks on 128

Nvidia A100 GPUs

Evo2 Over 128,000 species, including 7 billion and 40 billion = StripedHyena2 =~ MLM Not mentioned

bacteria and archaea, humans,

plants, etc.
HyenaDNA Human reference genome 1.6 million - 1 billion ~ Hyena CLM 80 minutes on 1 Nvidia A100 GPU
Nucleotide Human reference genome, 3203 50 million - 2.5 billion BERT MLM 28 days on 128 Nvidia A100 GPUs

Transformer human genome, 850 genome data

of the other species

MLM: masked language modeling; CLM: causal language modeling.
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REAEHE T S 28 S {3 e o528 o 4 P i 4 8 i
RS, NTTBI 13T GWAS {5514 42% 8 . CpGPT™
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