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Supplementary Fig. 1 UMAP visualizations of the cell embeddings in the SNARE-seq dataset
aligned with different integration methods.
Online iNMF and LIGER could not run with FiG conversion because raw ATAC fragment file was not available.
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Supplementary Fig. 2 UMAP visualizations of the cell embeddings in the SHARE-seq dataset
aligned with different integration methods.
UnionCom failed to run because of memory overflow.
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Supplementary Fig. 3 UMAP visualizations of the cell embeddings in the 10x Multiome dataset
aligned with different integration methods.
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Supplementary Fig. 4 FOSCTTM of GLUE under different hyperparameter settings.

“Dimensionality” denotes the cell embedding dimensionality. “Preprocessing dimensionality” is the reduced
dimensionality used for the first transformation layers of the data encoders (see Methods). “Hidden layer depth” is
the number of hidden layers in the data encoders and modality discriminator. “Hidden layer dimensionality” is the
dimensionality of hidden layers in the data encoders and modality discriminator. “Dropout” is the dropout rate of
hidden layers in data encoders and modality discriminator. “Lambda graph” is the weight of the graph loss (4¢).
“Lambda align” is the weight of the adversarial alignment (4p). “Negative sampling rate” is the number of empirical
samples used in negative edge sampling (samples from p,,¢). For each hyperparameter, the center value is the default.
To control computational cost, one hyperparameter was varied at a time, with all others set to their default values.
The performance of GLUE was robust across a wide range of hyperparameter settings, except for failed alignments
in which the adversarial alignment weight was too low or no hidden layers were used in the neural networks
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(equivalently a linear model with insufficient capacity).
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Supplementary Fig. 5 Triple-omics alignment and label transfer.

a-c, UMAP visualizations of the cell embeddings before integration for a, scRNA-seq, b, snmC-seq, and ¢, sScATAC-
seq, colored by the original cell types. d-f, UMAP visualizations of the integrated cell embeddings for d, scRNA-
seq, e, snmC-seq, and f, scATAC-seq, colored by the unified cell types (labels transferred from snmC-seq). g-i,
Alluvial diagrams comparing the original cell types and unified cell types for g, scRNA-seq, h, snmC-seq, and i,
scATAC-seq. The original cell types are to the left, and the unified cell types are to the right. Cells relabeled to “mPv”
and “mSst” are highlighted with green flows. Cells relabeled to “mNdnf” and “mVip” are highlighted with dark blue
flows. Cells relabeled to “mDL-3" are highlighted with light blue flows.
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Supplementary Fig. 7 Epigenetic contributions to gene expression.

a, Coefficient of determination (R*) for predicting gene expression based on each epigenetic layer in different cell
types. The box plots indicate the medians (centerlines), means (triangles), 1st and 3rd quartiles (hinges), and minima
and maxima (whiskers). Above each epigenetic layer, the linear regression slope (f) and its P value are displayed,
with the cell type as the regressor. b, Pearson’s correlations between different epigenetic states and gene expression.

¢, Associations (defined as the absolute values of Pearson’s correlations) between the correlations in b and different
gene characteristics.
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Supplementary Fig. 8 Model-based regulatory inference using distance-based power-law

interactions as guidance.

a, b, UMAP visualizations of the integrated cell embeddings colored by a, cell types, and b, omics layers. ¢, Pearson’s
correlation coefficients for the GLUE regulatory scores across different random seeds. d, GLUE regulatory scores
for peak-gene pairs across different genomic ranges, grouped by whether they had eQTL support. The box plots
indicate the medians (centerlines), means (triangles), 1st and 3rd quartiles (hinges), and minima and maxima
(whiskers). e, Comparison between the GLUE regulatory scores and the empirical peak-gene correlations computed
on paired cells. Peak-gene pairs are colored by whether they had eQTL support. f, ROC (receiver operating
characteristic) curves for predicting eQTL interactions based on different peak-gene association scores.
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Supplementary Fig. 9 Model-based regulatory inference using a combination of distance-
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based, eQTL and pcHi-C interactions as guidance.

a, b, UMAP visualizations of the integrated cell embeddings colored by a, cell types, and b, omics layers. ¢, d,
Comparison between the GLUE regulatory scores and the empirical peak-gene correlations computed on paired cells.
The peak-gene pairs are colored by whether they had ¢, pcHi-C support or d, eQTL support. Red dashed lines indicate
the 75th percentile of the GLUE regulatory scores, which was used as a cutoff. The GLUE-identified interactions
mostly exhibited positive empirical correlations and covered the majority of pcHi-C and eQTL support, while the
selection of peak-gene pairs based solely on empirical correlation would lead to much lower external support. e,
Consistency between the TF-target gene networks constructed with different peak-gene association methods and the

manually curated connections in the TRRUST v2 database (Fisher’s exact test).

10



@n Aco@083
PR, s SLo@ar1 “;"@“2 @y o
FA@ish @ CHgPA ACO@97.1 2Dt
Ao FBR e @
o@D @ Aco@rie2
le&;@ SF‘@K; @63
o6 L@ APo@oss
O s @4
2@, A51 "@‘3 ;Zf@'“wees . @fﬂiﬁ‘@ibfaz AT@e1 ‘w@“"
®, c®7 R Ao g B o i O SR ACn@sm@G g
NEDS DK St " LERAS1
RGPA As@s11 z»eﬁ"f@ et W%‘g:”" oSt 8@ pogrr ER@no
2nE80 r@a ® Acu@soz L@ o Aco@241 HS@BT1 oo
R gy g =eu . @s‘ Y @ @ DLGAB By, V0 oL 3 Ao @722
@A Qg)q:i;AAcv@tszs w0 w0d T, :%@s"e @ eco@sn1 gt @Q‘f %@)Aumssi
Aoy OB Aoz | AR & éf UNG@peT0 V8 Te@sc
e 0@
B, Sy st@ubs RA a2 @ o
1 y
@G | A L@ A0 ¥ 20AL3®754 oy "‘R‘“@“S‘ @ i@ o
VN @12 e s @ o
@ uesz@m NB@L m@m maj B@s3 B@F L@
@ D Aca@ozi ?@ o W@ @IL@A AL@S0.1 MEIN o1 @1 g | B O
&2 KIA@azs g@o Aomg C2 @605 GA@rio @ pana
wedmsw(gm @ Bl m@m’“@‘ Llehuc@s KU@1
S8, iz NEBINZ @1 995@“ i ER‘@‘C K,ﬂﬁ 5@ e g B, Gmkeg@g' oG O e
Am®923 2, aFEFI08 gPHDA2 neg @ Aco@am AGS7 c@B NG g @c2 A“®2°\}G©Asw
e ,\%’,K%N o L% g & ,,czégg 0 c@ew@m o
L GO “’%6500“ oA @ PO, NG @8 SL@W A s gn
B T DRI e FAge Ar@ey 2@z RFxs)xSw 1o\ B2y Acu®75| ST@S el L
v g »éﬂczq@w&su K o0 m@As&;@‘ . S L@, wog B @ ACO@es 2
ADAMI@L4-AST E FQ@s D E 1 "‘592 ACOTG22.1 sqgse éBn
e & i ey oo @ L5 EBH p® o Bonie  THRRT oo o
Linager AO@AST o
o@ﬁ@:@)»\s@s @0 ooy aa@rsm@w g N@A uno i -y o o o M@Ez e,
@ %@gbﬂ FOSB @'E@‘ N s@2 e | O G @ ) m@’“@gg T L@ VE%EN@Q(;«@:W PN o8 ior 08
C 14
Ms@m@m e &@rm 2500 s s@&m% 295" %’E %:” ‘61,‘@3%@,‘?@” v o s .mgsy@ & e é&’ 2 e, @Qﬁé&? :G@‘R&QSM
PBP
B lgl— N o e ST T e e
FA 9A 1) ARS2
“@‘CLIN@P@'H (PD WE! CO@)&@ 'wzw UN§;'45 1 B&”L]LQ)NSLQQA7 AL'(DBS?B Mw%@‘ b s1@ez NGB s @ cigu
vidinl BRI Ly s@ép@amm%m ”Lw@wa: o " e o
IR
:;%H@Q” o sy B By 59;,%2 Ep@zﬁ‘)cr"% %ﬁg““’“ nﬁ"@“ (@77
NIA o {1 Aco@ien 1 ALiaBss2
i1 101 I et ™S T %NFW‘%W Eg tsﬁ g @ o o i
Tedpr2 M@ cugpet " cogis MEER A%@’ Ls@a @m e OB g ~o@
91 TR@2s | k@6 wept @45 &Eﬁzs B{Dw‘ﬁ' Jﬁ ,& S ehG \ th)zs G'B‘ECD @321 TOOOLZ ogpon zr@oés“ A,
e RS Nl e e gs%%iw gy
ACI@032 @z o EDDs PERD - ARAE PQ SLGAE D g 37, h2z G
PLERINCS o, - ‘cép%gb‘ St T (bt i@ e
o e O oo vo@un, st (102 L BRI @ ng un °§cco&@ @;gl&%ﬁ;@ S:ﬂmz A gy
S N e g, 0 S Péz 3"‘@“ i 29“"@25?% Higoer HSBHD pngyen @y WHU
ACOE63, ERIT XA@C4 i@ ce@ps . % 6 ub o 26 t@
o e Sl 8
s D1 1@ @L@é’g%"@;%gs Negs NOX g % NN o gt EFFRém S on: PAXS Aa@ro1 208 M@nz
0 e B eP®u® ;%7:@\&@55@7 MBAD 255%7\ %brﬁa &Fusmwsaskcwggmmm v@ie
e @L‘@u vos SL@A:&GPG’VEOX@&UN@WS oo o H%pﬂgm‘F®2" X sreps aﬂgn@"?j SL‘éﬁ% ol e@o
MK gy, o @ @G@Biﬁ’cqm “‘ég gl Em@sa A‘@Emg p Tt ) ;ﬁj@un HUDRA
8! S - 0D i BN, IRBA A1) “i; i A@@”" o@ B P @
TNRSFTO cogut} 3 P S MAGSKE o4 @ u@sw 223
"@"coo@emu '@30?3 @1 P%@mc@s gy c@hP o ﬁ Hoot o3 @
SL Yo ng B A (7 i " G‘@'té,\@n Eg)'z 05@10 s 2@
BB e %&" c w@sa L@Z’ﬁgﬁ;@“ OB gieoss »@BP e ACD@BBZ o OV ALo@os1 Hagz o@s
By ooz LG S‘GGCU‘gD’ & T e B s PO oo i 3
A8 T ACO@4gt uw@vs%‘é;:c@fb:o -4 ZAR@N'S?‘L? e@oe O b @ oa: o €
OSEPL! il ZRi@B3
woreg St et yiioretPiert o - - et e
o ?;EPFC ACT@T g T e BiFDiz O su@As AN o pvmm égf@ae Y a@wg@u
@ o @ reIC 2O s e @0
e éiﬁ&:%“ o i Isg‘ssp’g’@‘ i mﬁ)mc@s’?"@ZG e o 3323. T’!EE g %2 "'S(D“” SB5 o
e L el e e o o T g B
@ o p(Raa v?; mé)'@‘s N-UB%? RO oy w@bx " & UGB c@z"'@%@w N Agz g
cr@ol 1 @r w@s
e / @
oz i@ B zcw@w'mu@; NAY cEn U ®‘Epso gp7 e
2ND43 S@U G SL@At @2 NC@GE He@Hic
o 260 10O LS O UN@HS ><®4 ”‘W‘ @y @ ci@ns
AGc2 SU@e Hors ADrs. ko wiggo1
T, g, AT BT 81 e H@x B s e
P " srgre S@ FEs O vko@i @ g
ci@s2 Q1 Fo@sg @25 D D2 LS BT @ @1 B2 XR@C2
o e e e -
Ni@e2 AL NEBLT PLLI A e @28 P2 D51
o e e e o e, Chieg.,
@3 APO@)95.1__ UBXI@-AS1 E@2
GrAEHe  TME@3EB WoB1 o ohdc @A
s ReM@BAsT RO Ni@r2 EBs o @7 Rer7
M@ 2@ R o i P 0
@7 TRAF(@2- AS‘ cr@! NU@D1 G@“R G
A@ rco@ie 2
“”@Bz“hzg @ g
K355
“9‘ DE@D@ Ot A2
GAgpe uné“%;o
O oo

Supplementary Fig. 10 Inferred TF-target gene regulatory network in PBMC.

11



v o 1o 9 ©w o
~— N N

-

T
<

LdS V11108

—

e T e T e F

—

—_—
T O o2, SR 5]

A

ot

Supplementary Fig. 11 TF-target gene expression levels in different cell types.

a, b, Expression levels of a, NCF2, and its regulator b, SP// in different cell types. ¢-f, Expression levels of ¢, CD83,

and its inferred regulators d, BCLI1A, e, PAX5, and f, RELB in different cell types.
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Supplementary Fig. 12 Regulatory inference and evidence per gene.

GLUE-identified cis-regulatory interactions for a, FCER2, b, IFIT3, ¢, ITGAX, d, KLRD1, e, IL2RB, and f, GBP2,
along with individual pieces of regulatory evidence. For each gene, the ChIP-seq tracks correspond to inferred TF
regulators. Known regulators are highlighted with green boxes.
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Supplementary Fig. 13 Scalability benchmarking and integration of a multi-omics human cell
atlas.

a, Time costs of different methods on subsampled atlases of varying sizes. The time costs and cell numbers are both
plotted in log-scale, so the slope 8 represents the exponent in original scale, i.e., f = 2 represents quadratic
scalability, B = 1 represents linear scalability, and § < 1 represents sublinear scalability. While online iNMF was
the fastest method on the tested data sizes, GLUE has a lower £, and could surpass online iNMF as data size increases
to dozens of millions. b, Organ compositions in scRNA-seq and scATAC-seq. ¢, UMAP visualizations of the
integrated cell embeddings showing only the scRNA-seq cells, colored by the original cell types. d, UMAP
visualizations of the integrated cell embeddings showing only the scATAC-seq cells, colored by the original cell
types. e, Alluvial diagram comparing the NNLS (non-negative least squares)-based and GLUE-based cell type
annotations. The original NNLS-based annotations are to the left, and the GLUE-based annotations are to the right.
Cells originally labeled as “Astrocytes” but mapped to “Excitatory neurons” are highlighted with pink flows. Cells
originally labeled as “Astrocytes/Oligodendrocytes” but mapped to “Astrocytes” are highlighted with blue flows.
Cells originally labeled as “Astrocytes/Oligodendrocytes” but mapped to “Oligodendrocytes™ are highlighted with
brown flows.
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Supplementary Fig. 14 Gene expression and chromatin accessibility patterns of neural
progenitor markers in cerebrum cells.

Putative neural progenitors are highlighted with pink arrows, astrocytes are highlighted with blue arrows, and
oligodendrocytes are highlighted with brown arrows. SOX2 and VIM were not detected in scATAC-seq, due to
limitations in ATAC gene-level score calculation (no peaks overlap gene body and 2 kb upstream from TSS).
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Supplementary Fig. 15 Gene expression and chromatin accessibility patterns of excitatory
neuron markers in cerebrum cells.

Putative neural progenitors are highlighted with pink arrows, astrocytes are highlighted with blue arrows, and
oligodendrocytes are highlighted with brown arrows. EOMES was not detected in scATAC-seq, due to limitations in
ATAC gene-level score calculation (no peaks overlap gene body and 2 kb upstream from TSS).
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Supplementary Fig. 16 Gene expression and chromatin accessibility patterns of astrocyte

marKkers in cerebrum cells.
Putative neural progenitors are highlighted with pink arrows, astrocytes are highlighted with blue arrows, and
oligodendrocytes are highlighted with brown arrows.
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Supplementary Fig. 17 Gene expression and chromatin accessibility patterns of

oligodendrocyte markers in cerebrum cells.
Putative neural progenitors are highlighted with pink arrows, astrocytes are highlighted with blue arrows, and
oligodendrocytes are highlighted with brown arrows.
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Supplementary Fig. 18 UMAP visualization of the multi-omics human cell atlas integrated by

other methods.

a, b, Online iNMF-integrated cell embeddings colored by a, omics layers, and b, cell types. ¢, d, Seurat v3-integrated

cell embeddings of aggregated metacells colored by ¢, omics layers, and d, cell types.

20




Supplementary Table 1 Public datasets used in the study.

Supplementary Table 2 Detailed benchmark data.

Supplementary Table 3 Regulatory interactions in the GLUE-derived TF-target gene network.
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