Suppl. Figure 1 - Cluster balance evaluation for DLSF and other baseline

methods.

The comparison between DLSF and other multi-omics methods is measured using
the balance index, the largest value of which is expected to indicate a similar number
of samples in different clusters/subtypes to avoid the noise from extremely small

clusters.
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Suppl. Figure 2 - Clinical phenotype associations for osteoporosis subtypes
identified by DLSF.

The associations between different clinical phenotypes and osteoporosis subtypes
identified by the DLSF are estimated, and they indicate the possible clinical
importance and significant phenotypic changes between different molecularly defined
subtypes.
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Suppl. Figure 3 - Clinical phenotype change between osteoporosis subtypes
and normal.

The box-plot displays the value distributions of each phenotype index between two
osteoporosis subtypes and normal groups.
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Suppl. Figure 4 — Survey of medical history for osteoporosis and subtypes.

The bar-plot indicates the percentage of individuals receiving particular medical
intervention (e.g. vitamin D supplements or bisphosphonates), and their distribution
differences between osteoporosis and others, or between two osteoporosis subtypes.
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Suppl. Figure 5 - Differential expression pattern of M3S.

The box-plot displays the value distributions of each molecular marker in M3S

between two osteoporosis subtypes, osteopenic and normal groups.
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Suppl. Figure 6 - Differential expression pattern of microbiota component of

M3S on genus level

The box-plot displays the value distributions of each microbiota marker in M3S
between two osteoporosis subtypes, osteopenic and normal groups, whose values

are on genus level.
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Suppl. Figure 7 - EWAS public reported phenotypes associated to methylation
signatures in M3S

The heatmap summarizes the methylation signatures in M3S reported in the public
EWAS database, where each column indicates a methylation signature; each row
indicates a phenotype; and each matrix element in the heatmap indicates the number
of records in the EWAS database with reports of the association pair between a
particular methylation signature and a phenotype.
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Suppl. Figure 8 - Mutation distribution pattern of global snpGenes.

The heatmap summarizes the frequency of SNVs observed in two osteoporosis
subtypes, osteopenic and normal groups.

G

5A:
TC
G

0;

BESERNp 3
e R s A s et
2 EEBREY
R e SRt
oo O
gz

55
g
oz -
3

5
o

255550
SR
ololo!

()
it

280
0
X
22!

o0
2%

IS
AT [SNTGT]
[Rerox 1
ISNTG1

o860

3
0o
o

SEAER

5
o0
0%
é

52
BE?
=G

5o

20

1

TIATE TATTTATTC (SNTG)
[SNTGTT
1GF2R]
NTGT]
sl

SN
NTG1]

CACA CCACAINAVI]
SN

SRECy
2 TAADHTKDT
1535048594:32059522.CT.C_C [ASICZ]
15199900070:25106226 A T [ADCY3]
eSS C C

oo 21000 T TIADCYS
3716810, 23104 120 71 CLLAG TicaAG [ADCYal
1534488542.28106225TAT T [ADCY3]
sz gsIsTIRCT C ATy
1<10816008:9001239.C.1 T L
1534475690 26045803 Aﬂ;_,n UAgki-astl
1S60027656.89130461.CA.C. CAIABCG2]
SSTEr T TAT OO AT AT [87805]

¥

151102065 21414160

15372248836:2080810:
[57004054:2050874:C.
1535167226:2061979
157842103:2052815
152927927 23760385

G: A,AJGGG [MYOM2]
o)

z:
<§
D520,

352

%
5
o nmq
°§

iy

80

)
500
‘00,0

BrE 2

404
i
AR

Goo

SEREEE

i«

edsl

Clpthu

=2=09%,
358

oo
B

152296906:10236374;
15369731481:443432
156500425:49862152
154670555 36635041
S3eTssais a0
F<58sas002.

o
o

=
605
oo
e
5
ERE ]

0

G

=600/
6
o

%
£

i
o
=

8
o
oo

oo
2

mlzsus: Seaeisr

s
o
=

=355
£

S

>

BAREAAS:
o
QoZoos
3

O
Lo

a5
b

5
b

i
o
e

00
0
oo,

>0

3aa

iy

S
2

GRE

153443517 36655
15848507 36567673
15848500, 36650365
1584496 3666005

S

52268653:39021722

15647824415712203 7 A S
1510610272196 7133:C:A A [METTLS)
1531688602196 74 38.GAA IMETTL]
1571469257.89061858 GA_A INOX4]

10450008 21677497 AC_C IMETTLS)
r=11sTas 21eTa2es A STHETTL

1565620316:21916 159 G7A A METTL3)
10450007 21977076.C. G- IMETTT
MP13]

Pl

o

fESk

gt

rs1gs0sdzs sa0asted
5611201377
et B
[ rssBavioaveamicT ¢
152 780816/65302413.C:
153790532 65303390G
15167454 65303101:CT
15310041:65303338 A.G:
s1 145877 237592336

REL]
BAGALNTS]
(GPR8]
[iakT
LJAK |
DAKI)

UAKT

5
50 B22ES
o5,

i<

)
ZEo!

>

el

a0,
%

R1|
AAGGAG AGGAG [ESR]
s TSl CT T [ESR
1S73780873:152150924:GA_A [ESR1]

T 56058 1053843 C CAZCA ONMITT)




Suppl. Figure 9 - Overlapping statistic of global snpGenes and CDT genes.

The statistics of the overlap between snpGenes identified here and
disease-associated genes reported in the CDT.
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Suppl. Figure 10 - Functional enrichments of xQTL snpGenes.

Functional enrichments of snpGenes from subtype-specific xQTLs.

CIS1

id | source term_id term_name term_size | | p_value |

1 |KEGG |KEGG:04360 Axon guidance 181 1.3e-02
2 |REAC |REAC:R-HSA-112316 Neuronal System 400 5.5e-06
|3 |REAC |REAC:R-HSA-6794362 | Protein-protein interactions at synapses |86 9.5e-03
4 |REAC |REAC:R-HSA-392154 Nitric oxide stimulates guanylate cyclase |21 1.0e-02
5 |REAC |REAC:R-HSA-1489509 |DAG and IP3 signaling 41 2.7e-02
6 |REAC |REAC:R-HSA-5173105 | O-linked glycosylation 108 3.3e-02
7 |REAC |REAC:R-HSA-112040 |G-protein mediated events 54

5.0e-02

id | source term_id term_name term_size | | p_value
1 |KEGG |KEGG:04724 Glutamatergic synapse 114 Hl 4e-10
2 |KEGG |KEGG:04713 Circadian entrainment 97 1.1e-06
3 |[KEGG |[KEGG:04020 Calcium signaling pathway 239 1.1e-05
4 |kecG |kEGG:04921 Oxytocin signaling pathway [154 3.7¢-05
5 [KEGG |KEGG:04730 Long-term depression 59 4.9e-05
6 |REAC REAC:R-HSA-112043 |PLC beta mediated events | 49 4.7e-07
7 |REAC REAC:R-HSA-112040 |G-protein mediated events | 54 3.2e-06
8 |REAC REAC:R-HSA-1489509 |DAG and IP3 signaling 41 9.0e-06

CIS2




Suppl. Figure 11 - Global methylation difference between CIS1 and CIS2.

Globally, CIS2 tends to have hyper-methylation compared to CIS1, indicating the
potential gene expression suppression (i.e. expression down-regulation or pathway
inhibition related to Calcium) occurred in CIS2.
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Suppl. Figure 12 - Local methylation difference between CIS1 and CIS2.

The cases of dys-methylation observed on different CpGs of several genes relevant to
Calcium. Consistent to global pattern, many CpGs actually are in local
high-methylation states in CIS2 compared to CIS1.
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Suppl. Figure 13 - Validation of methylation-phenotype associations between
CCCO and Jinshan cohorts.

The comparison of methylation-phenotype associations between CCCO and Jinshan
cohorts is measured by the correlation matrix, where the lower triangular matrix
indicates the methylation-phenotype associations observed in CCCO cohort and the
upper triangular matrix indicate such associations observed in Jinshan cohort.
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Suppl. Figure 14 - Validation of metabolite-phenotype associations between

CCCO and Jinshan cohorts.

The comparison of metabolite-phenotype associations between CCCO and Jinshan
cohorts is measured by the correlation matrix, where the lower triangular matrix
indicates the metabolite-phenotype associations observed in CCCO cohort and the
upper triangular matrix indicate such associations observed in Jinshan cohort.
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Suppl. Figure 15 - Validation of microbe-phenotype associations between
CCCO and Jinshan cohorts.

The comparison of microbe-phenotype associations between CCCO and Jinshan
cohorts is measured by the correlation matrix, where the lower triangular matrix
indicates the microbe-phenotype associations observed in CCCO cohort and the
upper triangular matrix indicate such associations observed in Jinshan cohort.
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Suppl. Figure 16 - Batch effect and remove of methylation data for CCCO and
Jinshan cohorts.

The batch effect is observed in methylation data for CCCO and Jinshan cohorts,
where the batch effects remove is effective.
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Suppl. Figure 17 - Batch effect and remove of metabolite data for CCCO and
Jinshan cohorts.

The batch effect is observed in metabolite data for CCCO and Jinshan cohorts, where
the batch effects remove is effective.
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Suppl. Figure 18 - Batch effect and remove of microbiota data for CCCO and
Jinshan cohorts.

The batch effect is observed in microbiota data for CCCO and Jinshan cohorts, where
the batch effects remove is effective.
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Suppl. Figure 19 - Batch effect of BTMs data for CCCO and Jinshan cohorts.

The batch effect is weak in BTMs data for CCCO and Jinshan cohorts.
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Supp. Figure 20 - Risk model component evaluation for osteoporosis based on
metabolite signatures.

As a baseline assessment, risk model for osteoporosis is also built only on the
metabolite signatures in M3S.
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Suppl. Figure 21 - Risk model component evaluation for osteoporosis based on
microbiota signatures.

As a baseline assessment, risk model for osteoporosis is also built only on the
microbiota signatures in M3S.
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Suppl. Figure 22 - Risk model evaluation for osteoporosis subtypes by
prediction associated clinical phenotypes.

The osteoporosis subtype risk model is learned in the CCCO cohort and predicts
individuals from the Jinshan cohort, with the predicted two subtypes/groups of

Jinshan individuals actually showing significant differences on several key clinical
indices.
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Suppl. Figure 23 - Risk model evaluation with gender as covariate.

a. Decision curve of different risk models with gender as additional covariate
(osteoporosis vs. others), Baseline I: conventional risk factors; Baseline |l: Baseline |
+ BTMs; Model: Baseline Il + our multi-modal molecular signatures (M3S). b&c.
Independent performance evaluation of risk model (osteoporosis vs. others) with
gender as additional covariate based on M3S, compared to two baseline methods.
d&e. Independent performance evaluation of risk model (Yang vs. Yin subtypes) with
gender as additional covariate based on M3S, compared to other component models
and baseline methods. The osteoporosis subtype risk model is learned in the CCCO
cohort and predicts individuals from the Jinshan cohort, with the predicted two
subtypes/groups of Jinshan individuals showing significant differences on a few
clinical indices.
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Suppl. Figure 24 — Additional summary of fracture events.

a. Survey of prior fracture (PF) of osteoporosis subtypes. In general, individuals with
PF have a higher ratio of (new) fractures. Compared with CIS1, CIS2 individuals tend
to have a larger fracture ratio regardless of PF, indicating the higher fracture risk of
CIS2. b. In addition to age, BMD and PF, there are many molecular factors (e.g.
CpGs, metabolites, or microbiotas) associated with fracture events (surveyed in 2023
year) with AUC > 0.6. The association estimated based on original values suggest
that many molecular factors would be shared for all population (ALL) or osteoporosis
population (OP). After various adjustments, many more osteoporosis specific fracture
risk factors would be recognized, which should be independent of BMD. Adjustment I:
adjusted with age + gender. Adjustment II: adjusted with age + gender + prior fracture.
Adjustment Ill: adjusted with age + gender + prior fracture + FN BMD.
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