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Cell Phenotype
• Cells are the most fundamental functional 

units of life

• Different cell types play different 
physiological roles in the body

• Cell identity and function (phenotype) is 
dictated by the subset of genes/proteins 
expressed

• Abnormalities in the expressed genome 
(disorders) form the physical basis of 
disease

• Understanding normal and abnormal 
cellular phenotypes and their genomic 
makeup is key for diagnosing disease and 
for identifying therapeutic targets

Bruce Wetzel & Harry Schaefer, National Cancer Institute, 1982
http://en.wikipedia.org/wiki/Image:SEM_blood_cells.jpg

Cellular profiling

Technology
• Transcriptional profiling of bulk 

samples obscures the cellular 
complexity of tissues 

• Single cell/nucleus RNA sequencing   
(scRNA-seq) allows us to quantify 
cellular phenotypes in an unbiased 
fashion, enabling the evaluation of both 
known and novel cell subsets in 
complex tissue samples

Data-driven
• Machine learning and Explainable 

Artificial Intelligence (XAI) have 
emerged as valuable tools to 
characterize this complexity



• Comprehensive reference maps of all human cells as basis for 
understanding fundamental human biological processes and 
diagnosing, monitoring, and treating disease

• Led by Aviv Regev (Broad) and Sarah Teichmann (Sanger)
• Brings together experts in biology, medicine, genomics, 

technology development and computation
• Utilize standardized experimental and computational 

methods to compare diverse cell and tissue types and samples 
across human communities in consistent ways



scRNA-seq publications (Pubmed January 8, 2024)

• “single cell RNA sequencing” – 11,611

• “single cell RNA sequencing” AND human – 7112

• “single cell RNA sequencing” AND human; publication date one year – 2234

• “single cell RNA sequencing” AND human; publication date one year; free full text – 1590

• AND lung – 197

• AND brain – 198

• AND kidney – 73



Single Cell Data Repositories



Human neocortex

• Neocortex is part of higher vertebrate brain

• Top layer of the cerebral hemispheres, 2-4 mm thick

• Deep grooves (sulci) and wrinkles (gyri) in primates and 
other mammals serve to increase the area of the neocortex 
considerably

• In humans, accounts for about 76% of the brain's volume

• Involved in higher-level functions such as spatial 
reasoning, sensory perception, generation of motor 
commands, conscious thought, and in humans, language



Morphological cell types

https://neupsykey.com



Gene expression complexity



AnatomicalTranscriptomic

Quantitative morphology

Data-driven gold standard taxonomy of human neocortical neuron types

Physiological

High-throughput, standardized
electrophysiology

Synaptomic

RNA-seq Array tomography

Large-scale quantitative cell phenotyping of human neocortex



Single cell/nucleus transcriptional profiling

6. Clustering

transcriptome cluster = cell type (state)



MTG cell type clusters, taxonomy & marker genes

Hodge RD, et al. (2019) Nature, 573:61-68. PMID: 31435019

UMAP/tSNE

Historical markers

Taxonomy



Aevermann B, et al. (2018) Human Molecular Genetics, 27(R1):R40-R47. PMID: 29590361
Aevermann B, et al. (2021) Genome Research, 31:1767-1780. PMID: 34088715

Brian Aevermann Yun (Renee) Zhang

A machine learning method for the discovery 
of minimum marker gene combinations for scRNA-seq cell types



Deep Learning vs Explainable AI

Classification

Model



Decision Tree

Machine Learning - predictability vs explainability 



Random Forest machine learning

5. Select y feature with largest IG
6. Repeat steps for partitioned data until all entropy = 0
7. Repeat for z bootstraps (with replacement) => z decision trees (bagging)
8. Determine how frequently a given feature is used, if available

Samples w/class labels

Fe
at

ur
es

1. Randomly select x samples/cells, where x = √𝑛
2. Randomly select y features/genes, where y = √𝑚
3. Calculate entropy for parent data and all partitions of each y
4. Calculate information gain from parent to all partitions of each y

Input Data Data Partitions Decision Tree Random Forest Model

Iterate Vote
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 IG = entropy (parent) - weighted average entropy (children)



Ranked RF gene list – Cluster e1

row	ID
#splits	
(level	0)

#splits	
(level	1)

#splits	
(level	2)

#candidates	
(level	0)

#candidates	
(level	1)

#candidates	
(level	2) Ratio1 Ratio2 Ratio3 Rank

TESPA1 18086 24430 25429 18089 36378 70833 1.00 0.67 0.36 2.03
SLC17A7 15601 16234 16083 18167 36339 70819 0.86 0.45 0.23 1.53
KCNIP1 12457 19432 21572 18042 36696 70604 0.69 0.53 0.31 1.53
SLIT3 8438 14845 17379 18388 36377 70917 0.46 0.41 0.25 1.11
SLIT3.1 6874 12440 14792 18285 36156 71322 0.38 0.34 0.21 0.93
ATP1B2 6732 10398 11850 18160 36295 71142 0.37 0.29 0.17 0.82
ZNF536 3824 11652 19314 18135 36230 70942 0.21 0.32 0.27 0.80
CUX2 7510 7808 10439 18120 36336 70460 0.41 0.21 0.15 0.78
SLIT3.2 5574 10337 12054 18376 36373 70868 0.30 0.28 0.17 0.76

DLX6-AS1 3604 11319 15088 18162 36497 70603 0.20 0.31 0.21 0.72
NECAB1 2201 11373 19263 18149 36384 70840 0.12 0.31 0.27 0.71
CUX2.1 5967 5949 7596 18131 36060 71232 0.33 0.16 0.11 0.60
IGF1 387 5976 12803 18027 35904 71120 0.02 0.17 0.18 0.37

ADARB2-AS1 865 6604 6608 18267 36231 70792 0.05 0.18 0.09 0.32
GAD2 595 6216 7760 18207 36252 70796 0.03 0.17 0.11 0.31

ADARB2-AS1.1 561 5302 5191 18342 36744 70985 0.03 0.14 0.07 0.25
GAD2.1 385 4980 6245 18147 36186 70982 0.02 0.14 0.09 0.25
BTBD11 299 2366 6124 18208 36548 70715 0.02 0.06 0.09 0.17
PROX1 0 2737 6310 18104 36474 71310 0.00 0.08 0.09 0.16

LINC01105 39 1943 4630 18168 36547 70871 0.00 0.05 0.07 0.12
COL21A1 0 1134 4016 18068 36419 70383 0.00 0.03 0.06 0.09
DLX1 1 1489 3142 18258 36574 71176 0.00 0.04 0.04 0.08



Marker gene identification using NS-Forest

Cluster membership &
gene expression data

Ranked list of 
useful genes

Maximize classification accuracy (F1) 
Necessary and sufficient genes = 

Cluster-specific marker genes

Random forest
Cluster X vs non-Cluster X Decision trees 1,2,3…

A computational strategy to identify the minimum number of necessary and 
sufficient features (marker genes) to define a class (cell type)

Cluster 1 Cluster 2

Cell 1 Cell 2 Cell 3 Cell 4 Cell 5 Cell 6 Cell 7 Cell 8 Cell 9

Gene 1

Gene 2

Gene 3

Gene 4

Gene 5

Gene 6

Gene 7

Gene 8

Expression matrix

Aevermann B, et al. (2018) Human Molecular Genetics, 27:R40-R47. 



Marker gene expression patterns grouped by cluster
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NS-Forest

Features ranked by 
information gain

Features ranked by 
binary score
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Random forest Binary score Decision tree
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Data input

Aevermann B, et al. (2021) Genome Research, 31:1767-1780. PMID: 34088715

https://github.com/JCVenterInstitute/NSForest 

https://github.com/JCVenterInstitute/NSForest


Version 1.3 Version 2.0
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NS-Forest Layer 1 MTG results

27 markers 34 markers



NS-Forest v3.9 NS-Forest v4.0NS-Forest v2.0NS-Forest v1.3

NS-Forest v1.3 NS-Forest v2.0 NS-Forest v3.9 NS-Forest v4.0

Median f-beta 0.63* 0.68 0.69 0.68

Median PPV NA NA 0.85 0.89

On-target Ratio NA NA 0.18 0.42
* F1 score was used in v1.3.



75 clusters
157 marker genes
1 - 4 markers/cluster
Average 2.4/cluster
Median F-beta score = 0.68

Hodge RD, et al. (2019) Nature, 573:61-68. PMID: 31435019

Human MTG NS-Forest results



5574 variable genes 157 NS-Forest marker genes 157 randomly chosen variable genes 

75 MTG cell type clusters – Cytosplore 



Siletti K, et al.” Transcriptomic diversity of cell types across the 
adult human brain” (2022) 
https://www.biorxiv.org/content/10.1101/2022.10.12.511898v1

Yao Z, et al., “A high-resolution transcriptomic and spatial atlas of cell types 
in the whole mouse brain” (2023)
https://www.biorxiv.org/content/10.1101/2023.03.06.531121v1

Human (WHB) Mouse (WMB)

https://www.biorxiv.org/content/10.1101/2022.10.12.511898v1
https://www.biorxiv.org/content/10.1101/2023.03.06.531121v1


Use of necessary and sufficient marker genes

Necessary and sufficient
marker genes

Probes for 
mFISH

Semantic definitions & 
knowledge representation

Reference dataset
for statistical comparison

POU6F2)

Spatial
Tx



Cell type matching using FR-Match

Zhang Y, et al. (2021) Briefings in Bioinformatics, 22:bbaa339. PMID: 33249453 
Zhang Y, et al. (2022) Scientific Reports, 12:9996. PMID: 35705694



Cell type cluster matching

Experiment 1 Experiment 2



Cell type barcode 

The combination of 
NS-Forest markers 
provide unique gene 
expression patterns to 
characterize different 
cell types

28



Cell type matching using FR-Match

! = # − %(#)
Var # !/# ∼ ,(0,1)
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!!:	Common cell type
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Accept or reject null 
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Graph theoretical modeling of minimum spanning tree



Human neocortex
M1

MTG
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Cell type definition and knowledge representation
• Ontological representation

o Structured vocabularies, including rigorous definitions, that capture domain knowledge by asserting formal 
relationships between terms that represent entities in reality

o Cell Ontology (CL) currently contains ~2200 cell type terms 
o Cell type-subtype relationships (is_a), cell type developmental relationships (develops_from), cell type-tissue 

source relationships (part_of anatomy term), cell type-functional relationships (has_disposition)

• Define a cell type by combining metadata and necessary and sufficient conditions:
o specimen source description (anatomic structure + species)
o parent cell class in the Cell Ontology, and 
o necessary and sufficient marker genes selectively expressed by the cell type,
o e.g., A human middle temporal gyrus cortical layer 1 | GABAergic interneuron | that selectively expresses KIT, 

NTNG1, and POU6F2 mRNAs

• Knowledge representation
o Using semantic web standards rdf/owl
o Triplet assertions: subject-predicate-object
o Stored in graph databases, e.g., Neo4j
o Explored using SPARQL or Cypher queries



Provisional Cell Ontology

https://bioportal.bioontology.org/ontologies/PCL 

https://bioportal.bioontology.org/ontologies/PCL


Upper nodes from CL provide hooks



Taxonomy of cell types

https://bioportal.bioontology.org/ontologies/PCL 

https://bioportal.bioontology.org/ontologies/PCL


Taxonomy of cell types

https://bioportal.bioontology.org/ontologies/PCL 

https://bioportal.bioontology.org/ontologies/PCL
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Big Data              Computable Knowledge

! = # − %(#)
Var # !/# ∼ ,(0,1)

Minimum spanning tree

●

●

●

●

●

●

●

●

●
●

●

●

●

●

●

●

●

●

●

●

Complete graph

●

●

●
●

●

●

●

●

●

●

●

●

●

●
●

●

●

●
●

●

Friedman-Rafsky (FR) 
multivariate 

nonparametric test

Minimum spanning tree

New (10)
Reference (10)

!!:	Common cell type

!":	Novel cell type

Complete graph

Accept or reject null 
hypothesis 0$



Cell Type Knowledge Graph
GABAergic

LAMP5

SST

VIP
PVALB

SNCG

Glutamatergic

Oligo

Astro

Microglia

L5-ETL6-IT

L2/3-IT

L5-IT

L6b-neur

L6-cortico

Endo

L5/6-nonpyr

OPC

A
s
tr
o
_
L
1
_
F
G
F
R
3
_
S
E
R
P
IN
I2

A
s
tr
o
_
L
1
-
6
_
F
G
F
R
3
_
R
H
O
J

A
s
tr
o
_
L
5
-
6
_
R
O
R
B
_
IL
1
7
R
B

A
s
tr
o
_
L
6
_
F
G
F
R
3
_
M
T
1
M

E
n
d
o
_
L
1
-
5
_
S
L
C
1
A
3
_
C
M
K
L
R
1

E
n
d
o
_
L
2
-
5
_
N
O
S
T
R
IN
_
E
P
A
S
1

E
x
c
_
L
2
_
L
IN
C
0
0
5
0
7
_
O
R
1
J
2

E
x
c
_
L
2
_
L
IN
C
0
0
5
0
7
_
S
H
2
D
5

E
x
c
_
L
2
-
3
_
L
IN
C
0
0
5
0
7
_
M
O
X
D
1

E
x
c
_
L
2
-
3
_
R
O
R
B
_
A
D
C
Y
A
P
1

E
x
c
_
L
2
-
3
_
R
O
R
B
_
C
T
X
N
3

E
x
c
_
L
2
-
3
_
R
O
R
B
_
T
E
X
3
0

E
x
c
_
L
3
_
R
O
R
B
_
P
H
L
D
A
2

E
x
c
_
L
3
_
T
H
E
M
IS
_
T
D
O
2

E
x
c
_
L
3
-
5
_
F
E
Z
F
2
_
O
R
5
1
E
2

E
x
c
_
L
3
-
5
_
F
E
Z
F
2
_
S
O
S
T
D
C
1

E
x
c
_
L
3
-
5
_
R
O
R
B
_
C
M
A
H
P

E
x
c
_
L
3
-
5
_
R
O
R
B
_
F
A
M
3
C

E
x
c
_
L
3
-
5
_
R
O
R
B
_
L
A
M
B
3

E
x
c
_
L
3
-
5
_
R
O
R
B
_
L
L
P
H

E
x
c
_
L
3
-
5
_
R
O
R
B
_
T
M
E
M
1
4
1

E
x
c
_
L
5
_
F
E
Z
F
2
_
C
S
N
1
S
1

E
x
c
_
L
5
_
F
E
Z
F
2
_
G
D
N
F
-
A
S
1

E
x
c
_
L
5
_
T
H
E
M
IS
_
R
G
S
1
8

E
x
c
_
L
5
_
T
H
E
M
IS
_
V
IL
L

E
x
c
_
L
5
-
6
_
F
E
Z
F
2
_
C
C
D
C
8
0

E
x
c
_
L
5
-
6
_
F
E
Z
F
2
_
L
P
O

E
x
c
_
L
5
-
6
_
F
E
Z
F
2
_
P
D
R
G
1

E
x
c
_
L
5
-
6
_
F
E
Z
F
2
_
S
H
2
D
1
B

E
x
c
_
L
5
-
6
_
R
O
R
B
_
R
N
F
1
8
7

E
x
c
_
L
5
-
6
_
T
H
E
M
IS
_
T
H
T
P
A

E
x
c
_
L
6
_
F
E
Z
F
2
_
A
N
G
P
T
L
5

E
x
c
_
L
6
_
F
E
Z
F
2
_
L
IN
C
0
1
4
7
9

E
x
c
_
L
6
_
F
E
Z
F
2
_
P
D
Y
N

E
x
c
_
L
6
_
T
H
E
M
IS
_
S
E
R
P
IN
F
1

E
x
c
_
L
6
_
T
H
E
M
IS
_
S
L
N

In
h
_
L
1
_
G
A
D
1
_
G
N
G
1
2

In
h
_
L
1
_
L
A
M
P
5
_
N
M
B
R

In
h
_
L
1
_
P
A
X
6
_
S
L
C
7
A
2

In
h
_
L
1
_
S
S
T
_
C
O
L
2
1
A
1

In
h
_
L
1
_
V
IP
_
T
M
E
M
1
3
2
E

In
h
_
L
1
_
V
IP
_
Z
N
F
4
6
9

In
h
_
L
1
-
2
_
G
A
D
1
_
A
D
A
R
B
2
-
A
S
1

In
h
_
L
1
-
2
_
G
A
D
1
_
A
D
C
Y
A
P
1
R
1

In
h
_
L
1
-
2
_
S
S
T
_
4
3
5
2
8

In
h
_
L
1
-
2
_
V
IP
_
N
C
S
T
N

In
h
_
L
1
-
2
_
V
IP
_
V
W
A
5
B
1

In
h
_
L
1
-
3
_
V
IP
_
C
C
D
C
1
8
4

In
h
_
L
1
-
3
_
V
IP
_
S
A
L
L
1

In
h
_
L
1
-
6
_
L
A
M
P
5
_
C
A
1

In
h
_
L
1
-
6
_
L
A
M
P
5
_
D
U
S
P
4

In
h
_
L
1
-
6
_
P
V
A
L
B
_
A
D
A
M
T
S
5

In
h
_
L
1
-
6
_
V
IP
_
C
C
N
G
2

In
h
_
L
2
-
3
_
P
V
A
L
B
_
R
P
H
3
A
L

In
h
_
L
2
-
3
_
S
S
T
_
F
R
Z
B

In
h
_
L
2
-
6
_
V
IP
_
P
T
G
F
R

In
h
_
L
3
_
P
V
A
L
B
_
H
O
M
E
R
3

In
h
_
L
3
-
5
_
P
V
A
L
B
_
D
L
G
A
P
1
-
A
S
5

In
h
_
L
3
-
5
_
S
S
T
_
A
D
G
R
G
6

In
h
_
L
3
-
5
_
V
IP
_
R
A
S
D
2

In
h
_
L
3
-
5
_
V
IP
_
T
A
C
3

In
h
_
L
3
-
6
_
V
IP
_
K
C
T
D
1
3

In
h
_
L
5
_
S
S
T
_
K
L
F
5

In
h
_
L
5
-
6
_
G
A
D
1
_
D
E
X
I

In
h
_
L
5
-
6
_
L
A
M
P
5
_
C
R
A
B
P
1

In
h
_
L
5
-
6
_
P
V
A
L
B
_
B
A
R
D
1

In
h
_
L
5
-
6
_
P
V
A
L
B
_
F
A
M
1
5
0
B

In
h
_
L
5
-
6
_
P
V
A
L
B
_
S
N
X
5
P
2

In
h
_
L
5
-
6
_
S
S
T
_
H
P
G
D

In
h
_
L
5
-
6
_
S
S
T
_
K
L
H
L
1
4

In
h
_
L
5
-
6
_
S
S
T
_
T
M
C
C
3

In
h
_
L
5
-
6
_
S
S
T
_
T
R
P
C
6

In
h
_
L
6
_
S
S
T
_
K
IA
A
1
0
2
4

M
ic
r
o
_
L
1
-
6
_
T
Y
R
O
B
P
_
C
D
7
4

O
lig
o
_
L
2
-
6
_
O
P
A
L
IN
_
O
P
A
L
IN

O
lig
o
_
L
3
-
6
_
S
L
C
1
A
3
_
L
R
R
C
6
3

O
P
C
_
L
1
-
6
_
P
D
G
F
R
A
_
Z
C
C
H
C
2
4

SERPINI2
LPAR4
ATP1A2
LOC105376917
ABL2
TNC
ITIH5
COLEC12
ABCG2
IFI27
BDNF
LOC105377209
HPCAL1
GULP1
CUX2
LOC105378837
BMPR1B
SV2C
RMST
LOC105374235
GRB14
LOC101927745
LOC105376987
TXK
CCDC68
VIPR2
COBLL1
FAP
PHLDA2
LOC105376081
LINC00836
SYT2
OR51E2
LINC00943
PKD2L1
LINC00607
LINCR_0002
COL22A1
LOC105374971
LOC105375929
LOC105374972
LOC105375974
LOC105374392
LOC100507562
TRABD2A
NOX4
LOC101927835
C14orf39
CSN1S1
LOC105369818
LOC105370019
LOC105376592
LOC105376591
RGS18
LOC105371833
MGST1
CD36
CCDC80
LOC105375826
LINC00703
IGFBP3
LOC101927439
HS3ST4
NPFFR2
CRH
OLFML2B
SMYD1
SLC15A5
ADRA2A
NXPH4
LOC105377183
MKRN9P
PDYN
LOC105371497
LOC101927987
SLN
FAM163A
ADAM33
LOC101927269
PRELID2
LOC101927870
NDNF
SP8
DDR2
LOC105377434
CHRNA6
CNR1
VIP
RGS10
SYTL5
KAL1
RGS5
LOC105379168
SCML4
LOC105373643
LOC105376133
SLC22A3
FLT1
LOC105373642
NOS1
CA8
CPLX3
PKP2
COL15A1
ABI3BP
PTHLH
MYO5B
FAM19A4
PVALB
KCNS3
NMU
FRZB
HTR2C
PENK
SULF1
HOMER3
SMOC2
ACAN
LRRC38
SST
ADGRG6
KMO
SLC24A3
KIRREL3
CBLN4
TAC3
LOC105373452
LOC105377632
LOC105373451
FGD3
FREM1
LOC105373538
BCHE
PDGFD
HGF
MEPE
FAM150B
ANKRD34B
ZFPM2_AS1
STON2
PAWR
HPGD
FBN2
ADAMTS20
LOC105378030
LOC100996671
BMP3
TH
SLA
CX3CR1
ST18
OPALIN
LINC01445
LOC101927199
LINC00609
VCAN
LOC105371624

-5

0

5

0.0
0.2

0.4
0.6

0.8

●

inh
_L

1_
LA

MP
5_

NM
BR

_H
18

.30
.00

1~
25

_In
h L

1 L
AM

P5
 NM

BR
_N

=1
41

●

inh
_L

1−
6_

LA
MP

5_
DU

SP
4_

H1
8.3

0.0
01

~3
0_

Inh
 L1

−4
 LA

MP
5 L

CP
2_

N=
22

2 ●

inh
_L

1−
6_

LA
MP

5_
CA

1_
H2

00
.10

25
~3

3_
Inh

 L2
−6

 LA
MP

5 C
A1

_N
=1

01

●

inh
_L

5−
6_

LA
MP

5_
CR

AB
P1

_H
18

.30
.00

1~
23

_In
h L

2−
6 L

AM
P5

 CA
1_

N=
12

3 ●

inh
_L

1_
PA

X6
_S

LC
7A

2_
H1

8.3
0.0

02
~2

7_
Inh

 L1
−2

 PA
X6

 CD
H1

2_
N=

38

●

inh
_L

1_
VIP

_T
ME

M1
32

E_
H2

00
.10

30
~3

1_
Inh

 L1
−2

 PA
X6

 CD
H1

2_
N=

16

●

inh
_L

1−
2_

GA
D1

_A
DA

RB
2−

AS
1_

H2
00

.10
25

~3
3_

Inh
 L1

−2
 PA

X6
 CD

H1
2_

N=
23

●

inh
_L

1_
GA

D1
_G

NG
12

_H
20

0.1
03

0~
32

_In
h L

1−
2 A

DA
RB

2 M
C4

R_
N=

53

●

inh
_L

1_
SS

T_
CO

L2
1A

1_
H2

00
.10

30
~3

2_
Inh

 L1
−2

 SS
T B

AG
E2

_N
=7

0 ●

inh
_L

1−
2_

VIP
_V

WA
5B

1_
H2

00
.10

23
~4

3_
Inh

 L1
−2

 VI
P L

BH
_N

=9

●

inh
_L

2−
6_

VIP
_P

TG
FR

_H
20

0.1
03

0~
28

_In
h L

1−
3 V

IP 
AD

AM
TS

L1
_N

=2
1 ●

inh
_L

3−
6_

VIP
_K

CT
D1

3_
H2

00
.10

25
~3

5_
Inh

 L1
−3

 VI
P A

DA
MT

SL
1_

N=
31

●

inh
_L

3−
5_

VIP
_R

AS
D2

_H
18

.30
.00

2~
34

_In
h L

2−
5 V

IP 
SE

RP
INF

1_
N=

43

●

inh
_L

3−
5_

VIP
_T

AC
3_

H2
00

.10
30

~2
5_

Inh
 L2

−5
 VI

P T
YR

_N
=5

4 ●

inh
_L

1_
VIP

_Z
NF

46
9_

H2
00

.10
25

~3
1_

Inh
 L1

−2
 VI

P P
CD

H2
0_

N=
21

●

inh
_L

1−
6_

VIP
_C

CN
G2

_H
20

0.1
03

0~
28

_In
h L

3−
6 V

IP 
HS

3S
T3

A1
_N

=1
43

●

inh
_L

1−
3_

VIP
_S

AL
L1

_H
18

.30
.00

1~
42

_In
h L

1−
4 V

IP 
OP

RM
1_

N=
30

●

inh
_L

1−
3_

VIP
_C

CD
C1

84
_H

18
.30

.00
1~

25
_In

h L
1−

3 V
IP 

CH
RM

2_
N=

13
3 ●

inh
_L

1−
2_

VIP
_N

CS
TN

_H
20

0.1
02

3~
37

_In
h L

2−
3 V

IP 
CA

SC
6_

N=
38

●

inh
_L

5−
6_

SS
T_

HP
GD

_H
18

.30
.00

1~
29

_In
h L

3−
6 S

ST
 HP

GD
_N

=4
8 ●

inh
_L

5_
SS

T_
KL

F5
_H

18
.30

.00
2~

23
_In

h L
4−

6 S
ST

 B3
GA

T2
_N

=1
34

●

inh
_L

5−
6_

SS
T_

TR
PC

6_
H1

8.3
0.0

02
~3

7_
Inh

 L4
−6

 SS
T B

3G
AT

2_
N=

85

●

inh
_L

5−
6_

SS
T_

TM
CC

3_
H2

00
.10

30
~2

9_
Inh

 L5
−6

 SS
T K

LH
DC

8A
_N

=6
9 ●

inh
_L

3−
5_

SS
T_

AD
GR

G6
_H

18
.30

.00
2~

26
_In

h L
3−

5 S
ST

 AD
GR

G6
_N

=1
79

●

inh
_L

5−
6_

SS
T_

KL
HL

14
_H

18
.30

.00
1~

31
_In

h L
5−

6 S
ST

 NP
M1

P1
0_

N=
79

●

inh
_L

6_
SS

T_
KIA

A1
02

4_
H1

8.3
0.0

01
~3

7_
Inh

 L5
−6

 SS
T T

H_
N=

26

●

inh
_L

1−
2_

SS
T_

MA
RC

H4
_H

20
0.1

03
0~

26
_In

h L
1−

3 S
ST

 CA
LB

1_
N=

16
4 ●

inh
_L

5−
6_

GA
D1

_D
EX

I_H
18

.30
.00

2~
33

_In
h L

5−
6 L

HX
6 G

LP
1R

_N
=3

1 ●

inh
_L

5−
6_

PV
AL

B_
FA

M1
50

B_
H1

8.3
0.0

01
~2

8_
Inh

 L5
−6

 PV
AL

B L
GR

5_
N=

83

●

inh
_L

2−
3_

SS
T_

FR
ZB

_H
20

0.1
03

0~
41

_In
h L

2−
4 S

ST
 FR

ZB
_N

=2
9 ●

inh
_L

1−
2_

GA
D1

_A
DC

YA
P1

R1
_H

20
0.1

02
5~

30
_In

h L
2−

4 P
VA

LB
 W

FD
C2

_N
=5

2 ●

inh
_L

2−
3_

PV
AL

B_
RP

H3
AL

_H
20

0.1
02

3~
29

_In
h L

2−
4 P

VA
LB

 W
FD

C2
_N

=1
83

●

inh
_L

3_
PV

AL
B_

HO
ME

R3
_H

18
.30

.00
1~

25
_In

h L
2−

4 P
VA

LB
 W

FD
C2

_N
=7

9 ●

inh
_L

5−
6_

PV
AL

B_
BA

RD
1_

H2
00

.10
30

~2
5_

Inh
 L4

−5
 PV

AL
B M

EP
E_

N=
18

1 ●

inh
_L

5−
6_

PV
AL

B_
SN

X5
P2

_H
20

0.1
03

0~
30

_In
h L

5−
6 S

ST
 M

IR5
48

F2
_N

=4
0 ●

inh
_L

3−
5_

PV
AL

B_
DL

GA
P1
−A

S5
_H

20
0.1

02
3~

31
_In

h L
2−

4 P
VA

LB
 W

FD
C2

_N
=4

3 ●

inh
_L

1−
6_

PV
AL

B_
AD

AM
TS

5_
H1

8.3
0.0

02
~2

8_
Inh

 L2
−5

 PV
AL

B S
CU

BE
3_

N=
40

●

exc
_L

2_
LIN

C0
05

07
_O

R1
J2

_H
18

.30
.00

2~
41

_E
xc 

L2
−4

 LI
NC

00
50

7 G
LP

2R
_N

=3
6 ●

exc
_L

1−
2_

LIN
C0

05
07

_S
H2

D5
_H

20
0.1

02
5~

22
_E

xc 
L2
−3

 LI
NC

00
50

7 F
RE

M3
_N

=9
99

●

exc
_L

2−
3_

RO
RB

_C
TX

N3
_H

18
.30

.00
2~

30
_E

xc 
L2
−3

 LI
NC

00
50

7 F
RE

M3
_N

=5
6 ●

exc
_L

2−
3_

RO
RB

_A
DC

YA
P1

_H
20

0.1
02

5~
31

_E
xc 

L2
−3

 LI
NC

00
50

7 F
RE

M3
_N

=9
0 ●

exc
_L

2−
3_

RO
RB

_T
EX

30
_H

20
0.1

02
3~

26
_E

xc 
L3
−4

 RO
RB

 CA
RM

1P
1_

N=
28

8 ●

exc
_L

2−
3_

LIN
C0

05
07

_M
OX

D1
_H

20
0.1

02
3~

31
_E

xc 
L2
−3

 LI
NC

00
50

7 F
RE

M3
_N

=4
24

●

exc
_L

3_
RO

RB
_P

HL
DA

2_
H2

00
.10

23
~3

3_
Ex

c L
2−

3 L
INC

00
50

7 F
RE

M3
_N

=1
15

●

exc
_L

3_
TH

EM
IS_

TD
O2

_H
20

0.1
02

3~
26

_E
xc 

L2
−3

 LI
NC

00
50

7 F
RE

M3
_N

=1
46

●

exc
_L

3−
5_

RO
RB

_L
LP

H_
H1

8.3
0.0

02
~3

1_
Ex

c L
5−

6 T
HE

MI
S C

1Q
L3

_N
=4

3 ●
exc

_L
5_

TH
EM

IS_
VIL

L_
H2

00
.10

25
~2

7_
Ex

c L
5−

6 T
HE

MI
S C

1Q
L3

_N
=1

17
●

exc
_L

6_
TH

EM
IS_

SE
RP

INF
1_

H1
8.3

0.0
01

~2
2_

Ex
c L

5−
6 T

HE
MI

S C
1Q

L3
_N

=8
54

●

exc
_L

6_
TH

EM
IS_

SL
N_

H1
8.3

0.0
02

~3
6_

Ex
c L

5−
6 T

HE
MI

S C
1Q

L3
_N

=6
9 ●

exc
_L

3−
5_

RO
RB

_L
AM

B3
_H

18
.30

.00
2~

28
_E

xc 
L3
−5

 RO
RB

 ES
R1

_N
=6

7 ●

exc
_L

3−
5_

RO
RB

_C
MA

HP
_H

20
0.1

02
5~

25
_E

xc 
L3
−5

 RO
RB

 TW
IST

2_
N=

16
9 ●

exc
_L

5−
6_

RO
RB

_R
NF

18
7_

H1
8.3

0.0
02

~2
9_

Ex
c L

4−
6 R

OR
B C

1R
_N

=7
6 ●

exc
_L

3−
5_

RO
RB

_T
ME

M1
41

_H
20

0.1
02

5~
26

_E
xc 

L4
−5

 RO
RB

 FO
LH

1B
_N

=3
10

●

exc
_L

3−
5_

RO
RB

_F
AM

3C
_H

20
0.1

02
3~

23
_E

xc 
L4
−6

 RO
RB

 SE
MA

3E
_N

=2
57

●

exc
_L

5−
6_

TH
EM

IS_
TH

TP
A_

H2
00

.10
25

~2
3_

Ex
c L

5−
6 T

HE
MI

S C
RA

BP
1_

N=
23

7 ●

exc
_L

5_
TH

EM
IS_

RG
S1

8_
H2

00
.10

23
~3

4_
Ex

c L
5−

6 F
EZ

F2
 AB

O_
N=

42

●

exc
_L

5−
6_

FE
ZF

2_
PD

RG
1_

H2
00

.10
23

~3
1_

Ex
c L

5−
6 F

EZ
F2

 AB
O_

N=
46

●

exc
_L

5−
6_

FE
ZF

2_
SH

2D
1B

_H
20

0.1
02

5~
31

_E
xc 

L5
−6

 FE
ZF

2 A
BO

_N
=7

89

●

exc
_L

6_
FE

ZF
2_

PD
YN

_H
20

0.1
02

5~
40

_E
xc 

L6
 FE

ZF
2 O

R2
T8

_N
=8

●

exc
_L

6_
FE

ZF
2_

AN
GP

TL
5_

H1
8.3

0.0
01

~4
0_

Ex
c L

5−
6 F

EZ
F2

 EF
TU

D1
P1

_N
=5

6 ●

exc
_L

6_
FE

ZF
2_

LIN
C0

14
79

_H
20

0.1
02

3~
41

_E
xc 

L5
−6

 FE
ZF

2 E
FT

UD
1P

1_
N=

25
8 ●

exc
_L

3−
5_

FE
ZF

2_
OR

51
E2

_H
20

0.1
02

5~
23

_E
xc 

L4
−5

 FE
ZF

2 S
CN

4B
_N

=4
8 ●

exc
_L

5_
FE

ZF
2_

CS
N1

S1
_H

20
0.1

02
3~

52
_E

xc 
L4
−5

 FE
ZF

2 S
CN

4B
_N

=2
0 ●

exc
_L

3−
5_

FE
ZF

2_
SO

ST
DC

1_
H1

8.3
0.0

01
~3

2_
Ex

c L
4−

6 F
EZ

F2
 IL

26
_N

=2
0 ●

exc
_L

5_
FE

ZF
2_

GD
NF

−A
S1

_H
20

0.1
03

0~
30

_E
xc 

L4
−6

 FE
ZF

2 I
L2

6_
N=

66

●

exc
_L

5−
6_

FE
ZF

2_
CC

DC
80

_H
18

.30
.00

1~
26

_E
xc 

L4
−6

 FE
ZF

2 I
L2

6_
N=

13
5 ●

exc
_L

5−
6_

FE
ZF

2_
LP

O_
H2

00
.10

23
~3

6_
Ex

c L
4−

6 F
EZ

F2
 IL

26
_N

=1
3 ●

glia
_L

1−
6_

PD
GF

RA
_Z

CC
HC

24
_H

20
0.1

02
5~

25
_O

PC
 L1

−6
 PD

GF
RA

_N
=1

25

●

glia
_L

5−
6_

RO
RB

_IL
17

RB
_H

18
.30

.00
1~

38
_A

str
o L

1−
6 F

GF
R3

 SL
C1

4A
1_

N=
14

●

glia
_L

1−
6_

FG
FR

3_
RH

OJ
_H

18
.30

.00
2~

35
_A

str
o L

1−
6 F

GF
R3

 SL
C1

4A
1_

N=
36

0 ●

glia
_L

6_
FG

FR
3_

MT
1M

_H
18

.30
.00

2~
49

_A
str

o L
1−

6 F
GF

R3
 SL

C1
4A

1_
N=

46

●

glia
_L

1_
FG

FR
3_

SE
RP

INI
2_

H2
00

.10
25

~4
0_

As
tro

 L1
−2

 FG
FR

3 G
FA

P_
N=

32

●

glia
_L

1−
5_

SL
C1

A3
_C

MK
LR

1_
H2

00
.10

23
~3

7_
En

do
 L2

−6
 NO

ST
RIN

_N
=1

3 ●

glia
_L

2−
5_

NO
ST

RIN
_E

PA
S1

_H
20

0.1
02

3~
31

_E
nd

o L
2−

6 N
OS

TR
IN_

N=
18

●

glia
_L

2−
6_

OP
AL

IN_
OP

AL
IN_

H1
8.3

0.0
02

~2
9_

Oli
go

 L1
−6

 O
PA

LIN
_N

=6
97

●

glia
_L

3−
6_

SL
C1

A3
_L

RR
C6

3_
H1

8.3
0.0

01
~2

8_
Oli

go
 L1

−6
 O

PA
LIN

_N
=1

49

●

glia
_L

1−
6_

TY
RO

BP
_C

D7
4_

H2
00

.10
25

~2
4_

Mi
cro

 L1
−6

 TY
RO

BP
_N

=1
29

Neurons: MEG3 & SYT1
Glutamatergic: 
SCL17A7 & SATB2

GABAergic: 
GAD1 & GAD2

PROX1 & EGFR SAMD5 & SOX6

SV2C & KIT

VIP

SST & SOX6

PVALB & TAC1

IF
NG-AS1 &

 H
TR2C

LOC10
53

74
39

5

SEMA3E
 &

 ADAMTSL1 

LY86-AS1 & FAM19A1 

Cipher Create

Neo4j



Nodes and Edges

Subject_node Predicate_relation Object_node Source
Cell_type PART_OF Anatomic_structure metadata
Organism HAS_PHENOTYPE Organism_traits metadata
Cell_type_cluster EXEMPLAR_DATA_OF Cell_type scRNA-seq
Transcript PART_OF Cell_type scRNA-seq
Transcript PART_OF Biomarker_combination NS-Forest
Biomarker_combination IS_MARKER_FOR Cell_type NS-Forest
Data_set PART_OF Experiment metadata
Cell_type_cluster FOUND_IN Experiment metadata
Cell_type_cluster IDENTIFIED_IN Publication metadata
Open_chromatin_region REGULATES_LEVELS_OF Transcript ATACseq
Protein PART_OF Cell_type proteomics
Cell_type INTERACTS_WITH Cell_type SpaceTx
Cell_type DEVELOPS_FROM Cell_type CL
Cell_type(subtype/child) IS_A Cell_type(type/parent) CL/PCL
Anatomic_structure PART_OF Organism Uberon
Gene PRODUCES Transcript inferred
Transcript PRODUCES Protein inferred
Protein HAS_DISPOSITION Protein_function GO
Protein PARTICIPATES_IN Biological_process/pathway GO
Protein LOCATED_IN Cellular_location GO
Disease REALIZES Sign_or_Symptom DO
Gene HAS_DISORDER Mutant_allele OMIM
Mutant_allele IS_GENETIC_BASIS_FOR_CONDITION Disease OMIM
Drug_Compound MOLECULARLY_INTERACTS_WITH Protein DrugBank
Drug_Compound IS_SUBSTANCE_THAT_TREATS Disease DrugBank
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Table 2. Edge types and SSS assertions



Integrated Semantic Knowledge Graph

Cipher

OMIM
GWAS Catalog

ChemBL
DrugBank

Disease Ontology
Gene Ontology

Reactome
Uberon



Integrated Semantic Knowledge Graph

GABAergic

LAMP5

SST

VIP
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Neuronal Cell Types and Alzheimer’s

MATCH p = (c:Compound)--
(d:Disease)--(g:Gene)--
(b:BiomarkerCombination)--
(ct:CellType) WHERE d.name = 
"Alzheimer's disease" RETURN p 
AS path

Cell type in which marker gene 
associates with AD and is 
target of an AD drug

Cell type in which both marker 
genes associate with AD





Study design:
• 19 individuals who died of COVID 

(rapid autopsy); 7 controls
• 116,000 nuclei => snRNA-seq
• 41granular cell types
Results:
• Increase in monocyte/macrophage 

populations
• Loss of AT1 and AT2 pneumocytes
• Aberrant AT2 => AT1 transitioning
• Increase in pathological fibroblasts

LLM/NLP

Structured Semantic Assertions
AT1_cell IS_A epithelial_cell
AT2_cell IS_A epithelial_cell
AT1_cell DEVELOP_FROM AT2_cell
AT1_cell PART_OF lung
AT2_cell PART_OF lung
CLIC5_transcript PART_OF AT1_cell
AGER_transcript PART_OF AT1_cell
SFTPC_transcript PART_OF AT1_cell
SFTPA1_transcript PART_OF AT1_cell
AT1_cell ASSOCIATED_WITH lethal_COVID

Cypher







Conclusions
• Single cell transcriptomics is revolutionizing our understanding of the cellular complexity of human tissues

• Explainable AI approaches offer significant advantages over deep learning methods by keeping track of useful 
classification features 

• Features that are useful for classification can be used as molecular biomarkers, and frequently point to 
important underlying biological phenomena

• NS-Forest is an effective dimensionality reduction method for picking out the minimum set of necessary and 
sufficient marker genes (NS-genes) to identify and define discrete cell types in a defined specimen context

• NS-genes can be used as:
o a condensed reference data matrix for assessing cell type identity in new datasets using FR-Match
o characteristics for semantic cell type definitions => Provisional Cell Ontology Knowledgebase
o probes for multiplex FISH and targets for qPCR assays to identify specific cell types

• Translation of omics data into computable forms of knowledge (e.g. semantic knowledge graphs) can facilitate 
the integration with other types of knowledge for translational discovery



Resources
• Publications

o NS-Forest v1.0 - Aevermann B, et al. (2018) Human Molecular Genetics, 27(R1):R40-R47. PMID: 29590361
o NS-Forest v2.0 - Aevermann B, et al. (2021) Genome Research, 31:1767-1780. PMID: 34088715
o FR-Match v1.0 - Zhang Y, et al. (2021) Briefings in Bioinformatics, 22:bbaa339. PMID: 33249453 
o FR-Match v2.0 - Zhang Y, et al. (2021) Scientific Reports, 12:9996. PMID: 35705694
o Cortical layer 1 cell types - Boldog E, et al. (2018) Nature Neuroscience, 21: 1185-1195. PMID: 30150662
o MTG human cell types - Hodge RD, et al. (2019) Nature, 573:61-68. PMID: 31435019
o M1 human, mouse, marmoset – Bakken T, et al. (2021) Nature, 598:111-119. PMID: 34616062

• Source Code
o NS-Forest source code is available at  https://github.com/JCVenterInstitute/NSForest  
o FR-Match source code is available at https://github.com/JCVenterInstitute/FRmatch   

• Protocols
o NS-Forest protocol is available at https://www.protocols.io/view/ns-forest-version-2-un7evhn 
o FR-Match protocol is available at https://www.protocols.io/view/fr-match-cell-type-matching-for-scrnaseq-data-bmyfk7tn  

• Ontology
o PCL is available through the BioPortal - https://bioportal.bioontology.org/ontologies/PCL 

https://github.com/JCVenterInstitute/NSForest
https://github.com/JCVenterInstitute/FRmatch
https://www.protocols.io/view/ns-forest-version-2-un7evhn
https://www.protocols.io/view/fr-match-cell-type-matching-for-scrnaseq-data-bmyfk7tn
https://bioportal.bioontology.org/ontologies/PCL


Acknowledgements
J. Craig Venter Institute

Renee (Yun) Zhang

Brian Aevermann

Mohamed Keshk

Mark Novotny

Steven Lee

Roger Lasken

Nik Schork

Joyce Hsiao

Neil Tedeschi

Kavya Chegireddy

Allen Institute for Brain Science
Ed Lein

Trygve Bakken
Jeremy Miller

Rebecca Hodge
Mike Hawrylycz 

European Bioinformatics Institute
David Osumi-Sutherland

Shawn Tan
Huseyin Kir

National Library of Medicine
Ajith V. Pankajam

Vinh Nguyen
Noam Rotenberg

Zhiyong Lu
Ling Luo

Don Comeau
Robert Leaman

UC San Diego
Dan Carrillo
Eric Duong

Aditi Gandhi
Huy Le

Joshua Lau
Seunghyun Lee
Yueshan Liang

Tian Liu
Christopher Lin
Beverly Peng
Noura Tbeileh

Janelle Uy

University of Leiden
Boudewijn Lelieveldt 


