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Measuring methylation

e Methylation levels describe how much of the ] L] [
measured DNA is methylated at a site. M

e A[3value ranges from 0 to 1. n M

e Different CpGs can have very different n n |
methylation levels.
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What changes when one DNA base changes?
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Why is it difficult to measure variant effects on methylation?

e Experimentally testing large numbers of variants is difficult.
e Matched variant and methylation measurements are limited.

e Tissue and regulatory context also influence methylation.
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Existing models predict methylation from DNA

e DeepCpG uses DNA sequence and methylation at neighboring CpGs.
e CpGenie predicts methylation from DNA sequence and evaluates predicted variant effects.

e These methods show that local information can help predict methylation.
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Other methods include tissue/regulatory data

e INTERACT focuses on methylation prediction in brain tissue.
e DeepMethylation combines DNA sequence with reference tissue information.

e Methven combines DNA sequence with chromatin accessibility.
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Data Sources

e Methylation targets came from 97 solid tissue normal breast samples
e Each target was the median methylation at a CpG across samples

e Inputsincluded a 1,000-bp DNA sequence, reference chromatin measurements, and conservation scores.

Algorithm (target and input construction)

Require: 3; for CpG i/ and sample s, O; = samples with a measurement at CpG /
1: for each CpG / do

2. Bi +— mediangep, G s, y; < 1[5; > 0.5] -

3: E,' — C|ip(6,', 1074, 1 — 10_4), M; < log, (1 6'5 )

4 xi € {A, C, G, T}1000, c; € R18

5. end for

6: Diest < {i:chr; € {8,9}}, Dya < {i:chr; € {10,11}}, Dypain < {i: chr; ¢ {8,9,10,11}}
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Model Architecture

Final Gated Fusion Architecture * oo B=0(M n2)

| Regression Head(l\’/\l):

I Conv1D(k=3) + masked

—p—— | attention pooling LayerNorm Linear: 768 » 256 > 1
1 I l
| A | Fine Tuned N v
(ATCGle—(ACCGATI (¢ 11 DNABERT-2(117M) he > AHEN BOE 2N ..
Concat [heeq; heod = R™
Feed into gate MLP: > 768-diM 2 = Geaqlseq + BeoPece C
Context Component 1536 > 128 »>2~»
9 values + 9 masks » 18-dim vector hew € R » . . .. . sigmoid - (g_seq, g_ctx)

9values» [N Tl 1 I -dim
il | 1111000 1 11 ]n l ]* 4 P(y = 1) = o(logit)
Context MLP Final Linear LayerNorm Classifier Head(logit):
18 » 128 » 256 > 256 Projection: 256-768 | Linear: 768 » 256 > 1
X Bctx

Samuel Zhang

SilentMethyl: a multimodal framework for CpG methylation prediction and local variant-effect inference



Methods
O00@e00

Evaluating baseline methylation prediction

e Training, validation, and testing used different chromosomes(test chr8-9, val chr10-11).
e The main test set contained 26,570 CpGs.

e We compared fusion with sequence-only, context-only, CoGenie, and DeepCpG models.

e We repeated testing across training seeds and three additional chromosome splits.

Algorithm (held-out evaluation)
Chromosome Splits

Require: models f(K), k {fusion, sequence, CpGenie, DeepCpG} Va“xmion iﬁx
1: for iaCh k do 10 11 8 9
2: B; F(k) (X,', C,'), I € Diest Irap
~ 1 ~
. A A2
3: MAEﬁ — ‘Dtest| zi |6/ B' U RMSEﬁ — \/‘Dtest| Zi(ﬁ’ B’) 12346567 1213 1415 16
4: end for

5: repeat with test chromosomes {12, 18}, {4, 20}, {13, 15,21} 17 1819202122 X Y

Samuel Zhang

SilentMethyl: a multimodal framework for CpG methylation prediction and local variant-effect inference



Methods
O000Oe0

Estimating and ranking variant effects

Algorithm (paired variant scoring)

Require: fusion model f, sequences xREF, xALT | context ¢
1: Ay <+ F(XOT ¢) — F(xREF, ¢), o € {FWD,RC}
— A A
2. AB FWD2‘|‘ RC

3: return variants sorted by |AS|

Additional application: We ranked 440 synonymous variants by predicted change
magnitude and also examined STK11 variants.
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Variant Impact and additional biological applications
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Evaluating variant effects using external data

e mQTLs: Variants linked to methylation differences across individuals (eGTEx, GENOA)

e Allele-specific methylation: Methylation differences between alleles within a sample

. External Allelic Validation:
(Do-Tycko, Rosenski-Dor-Kaplan).

eGTEx & GENOA mQTLs

e We tested whether predicted directions and relative rankings matched independent Allele-Specific Methylation
T T Distance-matched controls
measurements. CpG Probe SNV

Algorithm (external concordance)

Require: pairs i =1, ..., n with AI\A/I,- and Agps j, significant pairs Psig, control pairs Py
1: Psigned <1_ p(AM, Aobs)
2: Dir + ; Zi l[sign(A/\Aﬂ;) = Sign(Aobs,i)]

1
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Fusion improved baseline methylation prediction

Model 8 MAE M MAE ROC-AUC
Composition ridge 0.1954 1.9600 0.8748
k-mer ridge 0.1565 1.6866 0.9190
CpGenie 0.1281 +0.0013  1.3858 +0.0103  0.9406 + 0.0006
DeepCpG 0.1253 £ 0.0005 1.3412 +0.0112 0.9437 &+ 0.0011
Context 0.1022 4+ 0.00003 1.1763 £ 0.0005 0.9658 £ 0.00001
Sequence 0.1099 £ 0.0008  1.1941 £ 0.0070  0.9569 + 0.0007
Fusion 0.0914 £ 0.0037 1.0341 £ 0.0289  0.9744 4+ 0.0025
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Consistent improvement across chromosome splits

F
Chromosome splits
0.110 ) held-out set
== chr8-9 (primary)
@ = Cchrl2/18
—~ 0.105 A w== Chr4/20
o chrl3/15/21

e Fusion outperformed sequence alone in all three
additional chromosome splits.

e These tests checked whether the result depended
on one particular data split. W 0.095 -
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The effectiveness of context varies

Relative B MAE reduction (%)

Q1 low Q2 Q3
ATAC 15 16 16
H3K4me3 15 16 17
H3K27ac 16 16 15
H3kamel [ 17 | 14
H3K36me3 15 16 15
H3K9me3 | 15
H3K27me3 16
CpG class A1 13 7 - 0
- Island Shore Shelf Open sea " °
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External data show modest consistency with predicted effects

Signed Spearman p Correct direction

External dataset Comparisons (95% CI) (95% CI)
: 0.236 59.6%
eGTEx breast mQTLs 418 pairs (0.098-0.392) (54.2-65.1%)
, 0.149 55.67%
GENOA blood mQTLs 4,037 pairs (0.112-0.185) (53.8-57.2%)
Do-Tycko ASM 722 SNPs 0-241 et

(0.180-0.299) (55.0-63.0%)
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Distance explains parts of the apparent performance

D
Distance controls
c g . Fusion =@9= Composition
e Significant mQTLs tended to be closer to their xSequence «@=Distarice orily
CpGs than controls. == k-mer ridge
e Distance alone performed almost as well as O 0.60 -
fusion before matching. 8
o After distance matching, fusion AUROC fell <DE 0.55 7
from 0.600 to 0.556, but remained above 0.50 -
chance. '
0.45 - -~ e

unmatched matched
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Prioritizing variants for experimental testing

A NCOA2 slyno?ymous candidate B Background extremeness
Y S hameps 1.0 |
~_ €g20699548 -
50 j; \’7? T¥2 +50 '% 0.8 1 o
bp from cg20699548 E -
»'A\'.»(A’.;'.!Z:L-LGL'\IQLLLIlF_qj'L-IEIb:.L»’-.»’«AAZ:L";Y §06- T
e NCOAZ2: Top synonymous candidate, beating oz g bomy cpenses [T RIS 3%
. transcript ENST00000452400.7 (- strand) 8 0.2 1 *
OUt 66 matChed Va rla ntS. current-context A = -0.1539 (seed 42, held-out test split) 0.0 1= . ! ' ! : :
0.000 0.025 0.050 0.075 0.100 0.125 0.150
e STK11: The model prioritizes a pathogenic matches somparater|Af)
COd I ng va ria nt (rs 148928808) . ¢ STK11 training probes B GWAS control
I
. . 300 A i
e GWAS: The model did not noticeably favor ) S b o
. € 2004 ! cb‘o:ejg'sizz:‘;;
GWAS-annotated variants. -
g : eGTEx
100 7 : n=51 in tail
: matched null 0.5
0+-1— T T T . . . . . T T . . T T ,
—-0.04 —0.02 0.00 0.02 0.04 0.06 0.08 00 01 02 03 04 05 06 0.7 08
predicted AB GWAS fraction, top 5%
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Limitations

e Training data came from “solid tissue normal” breast tissue collected adjacent to tumors.
e Reference context was not matched to individual samples.
e Predictions cover local sequence windows and a limited set of CpGs.

e External validation does not establish causal effects of individual variants.
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Main Findings

e Combining sequence and reference context improved baseline methylation prediction.
e External data showed modest consistency with predicted variant effects.

e SilentMethyl can help prioritize variants for experimental testing.
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Future Work

e Test the model in independent breast cohorts and additional tissues.
e Expand predictions to more CpGs and better-matched reference data.

e Experimentally test prioritized variants and their effects on methylation and gene
regulation.
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End of Presentation
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