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Overview

Genetics versus Genomics

• Successful gene discovery

• What is the meaning?

• Evaluate transcription: cell
type, gene-gene networks

Two stories today

• Single Cell RNA-seq:
estimating development

• Bulk RNA-seq: deconvolving
multiple-samples
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Background
Single cell RNA-seq

• Bulk RNA-seq

− gene expression at the tissue level
− mixture of various cell subpopulations

• Single cell RNA-seq

− cellular gene expression levels
− reveals cell-to-cell heterogeneity
− high levels of technical noise
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(various cell types in brain tissue)
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Background
Single cell clustering

• Existing algorithms focus only on hard clustering
− SC3, CIDR, Seurat ... [Kiselev et al. (2017); Lin et al. (2017); Satija et al. (2015)]

• Single cell data can be developing between cell types
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Application Results
Fetal brain cells, Camp et al.

• 220 fetal brain cells

− 12-13 post-conception weeks
− 12, 694→ 430 selected genes
− 7 cell types

I apical progenitor (AP1, AP2)
I → basal progenitor (BP1, BP2)
I → neuron (N1, N2, N3)

[Camp et al. (2015)]

cells (24 cells) did not. This suggests that AP1 and AP2 may
contain APs in S/G2/M and G1, respectively. We identified a cell
cluster (BP1, 11 cells) that had maximum correlations with bulk
iSVZ and expressed RG markers PAX6, GLI3, and ASPM as
well as early BP markers INSM1, EOMES, and HES6 but lacked
expression of VIM and SOX2. In addition, these BP1 cells
expressed a core of proneural genes, including NEUROD4, as well
as many of the same S/G2/M cell-cycle regulators expressed in AP1
cells in the VZ (groups A, F, and G). This gene expression profile is
compatible with AP-to-BP transition or an early BP. Furthermore,
we identified a cluster (BP2, 10 cells) containing cells with highest
correlation with bulk iSVZ and oSVZ and that was defined by
coexpression of EOMES and early neuronal genes including
NEUROD6 (group B) but did not express ASPM and other
S/G2/M cell-cycle regulators. This cluster is likely to contain
more mature BPs that are committed to the neurogenic fate and
are in the G1 phase.
In addition to NPCs, we found three clusters (neuron clusters

1–3, N1–3) distinguished by the lack of an NPC signature. Each
of these clusters expressed a large group of neuronal genes
(group B, including MYT1L, BCL11B, and TBR1) enriched for
GO (gene ontology) terms involved in neuronal differentiation.
One neuron cluster (N1, 39 cells) correlated with iSVZ and
oSVZ bulk data and expressed genes involved in various aspects
of neurogenesis, including neuronal migration (group D). This
cluster likely contains newborn neurons en route to the CP. A
second neuron cluster (N3, 67 cells) correlated with CP bulk data
and expressed genes involved in cell adhesion and vesicle trans-
port (group C), indicative of a more mature stage of neuronal
differentiation. The third neuron cluster (N2, 53 cells) appears to
contain cells that are transitioning between these N1 and N3 neu-
rons. The gene expression profiles of these clusters are therefore
compatible with cortical neurons at different stages of maturation.
We next inferred lineage relationships among the cells using

Monocle, an algorithm that combines differential gene expression,
dimension reduction, and minimal spanning tree construction to

link cells along a pseudotemporally ordered path (17) (Fig. 2A).
This revealed a cortical lineage that linked APs in the VZ, through
BPs and newborn neurons in the iSVZ and oSVZ, to CP neurons.
This organization was corroborated using an adjacency network
based on pairwise correlations between cells (Fig. S2A). Notably,
expression of genes known to be enriched in APs (e.g., SOX2),
BPs (e.g., EOMES), and neurons (e.g., MYT1L) exhibited re-
stricted expression along the lineage path (Fig. 2B). Heat map
visualization of gene expression with cells ordered according to
their pseudotemporal position along the lineage revealed a tem-
poral sequence of gene regulatory events during differentiation
and many cells at intermediate stages (Fig. S2B).
We constructed a transcription factor (TF) correlation network

to understand the gene expression changes occurring during
transitions through the AP–BP–neuron lineage (Fig. 2C). The
network revealed two densely connected subnetworks regulating
NPC proliferation and neuronal differentiation, respectively,
linked by a series of TFs regulating the transition between the
two major cell states. This unbiased approach highlighted known
master regulators as central to each subnetwork. For example,
HES1, SOX9, PAX6, and SOX2 are all tightly connected and
highly expressed in most APs of the VZ and are down-regulated
shortly after neuronal lineage commitment occurring in the SVZ.
ASCL1, EOMES, NEUROD4,HES6, and INSM1 are all expressed
concomitant with the AP-to-BP transition, consistent with their
role in delamination and early neuronal specification. Another
tightly connected subnetwork corresponds to genes such as TBR1,
MYTL1, BCL11A/B, and NEUROD6, whose expressions are up-
regulated concomitant with neuron differentiation and maintained
throughout later stages of neuronal maturation. These data largely
confirm the current knowledge of transcriptional regulation dur-
ing cortical neurogenesis.
In conclusion, the analysis of single-cell transcriptomes in the

developing human neocortex can faithfully reconstruct genetic
and cellular networks involved in germinal zone organization, NPC
proliferation, and NPC-to-neuron differentiation (Fig. S2C).

Dissecting Cell Composition in Human Cerebral Organoids. To survey
the cellular composition of human cerebral organoids at differ-
ent stages of development, we analyzed 333 single-cell tran-
scriptomes from five whole organoids (days 33, 35, 37, 41, and
65, iPSC-derived) and 175 single-cell transcriptomes from four
microdissected cortical regions (53 d, r1, r2, ESC-derived; 58 d,
r3, r4, iPSC-derived) (Fig. 3 A–C and Fig. S3). We combined all
single-cell transcriptomes and performed PCA to identify genes
most informative for defining cell populations. Using these genes
(Dataset S2), we used t-distributed Stochastic Neighbor Em-
bedding (t-SNE) to reduce the complexity of the data and visu-
alize cell relationships in a 2D space (Fig. 3D). This approach
organized the cells into 11 transcriptionally distinct clusters, and
we performed differential expression analysis to identify genes
marking each cluster (Fig. 3 D and E, Figs. S3 and S4, and
Dataset S2). In this way, we identified multiple types of pro-
genitors, neurons, and mesenchymal cells from different regions
of the cerebral organoid.
We found that clusters c1, c2, and c3 are NPCs, and cluster c4

is neurons from organoid dorsal forebrain-like regions (cerebral
cortex) based on enriched expression of genes expressed in
nearly all fetal cerebral cortex NPCs or neurons (i.e., NPCs and
Ns, FOXG1, NFIA, and NFIB; Ns, NEUROD6). Clusters c5 and
c6 are NPCs, and c7 is neurons that lack expression of these genes
that were expressed in the fetal cortex. Instead, many NPCs in c5
and c6 express OTX2 and are likely a mixture of ventral telence-
phalic or hippocampal NPCs and NPCs from immature dorsal
telencephalic regions. c7 is composed of neurons from ventral fore-
brain-like structures and includes interneuron-like cells (Fig. S4). c8
and c9 contain cycling and noncycling cells that express R-spondin
genes and WNT2B and are likely from the hem signaling center in
the dorsal/ventral boundary region. c10 and c11 contain cycling

A

B

C

Fig. 2. Reconstructing lineage relationships in the fetal neocortex. (A) Monocle
reveals an AP–BP–neuron lineage that correlates with the zones of the de-
veloping neocortex. Cells (circles, colored based on cell type) are arranged in the
2D independent component space based on genes used to classify cells in Fig.
1C. The minimal spanning tree (gray lines) connects cells, with the black line
indicating the longest path. (B) Monocle plots with single cells are colored based
on the maximum correlation with bulk RNA-seq data from cortical zones (Far
Left) or gene expression that distinguishes the lineage transitions (Middle Left,
Middle Right, and Far Right). (C) Transcription factor (TF) correlation network
during lineage progression. Shown are nodes (TFs) with more than three edges,
with each edge reflecting a high correlation (>0.3) between connected TFs.

15674 | www.pnas.org/cgi/doi/10.1073/pnas.1520760112 Camp et al.
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Application Results
Developmental Trajectories
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Application Results
Developmental Trajectories
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What can we learn from bulk RNA-seq data?From brain tissues to cells
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What can we learn from tissue expression data?
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What can we learn from tissue expression data?
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Gene expression deconvolution

• The deconvolution model is written as

X
(p×n)

≈ A
(p×K)

W
(K×n)

,

− X: single-measure tissue expression for p genes in n subjects,
− A: average gene expression over subjects for K cell types,
− W : mixing fractions of K cell types per subject (col.sum = 1).

subject cell type subject

6.9 7.1 6.7 7.5 5.6 cell 0.7 0.8 0.6

gene 7.6 7.8 7.4 ≈ gene 8.2 6.1 type 0.3 0.2 0.4

5.2 5.2 5.1 5.3 4.9

tissue expression cell-type-specific expression fraction

• Assumption:

− A (cell-type-specific expression) is constant across subjects
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Existing single-measure deconvolution algorithms

• Unsupervised deconvolution:
− Estimating both A and W

I non-negative matrix factorization (NMF)

• Semi-supervised deconvolution:
− Given sparse structure of A, estimating A and W

I semi-supervised NMF
I quadratic programming

• Supervised deconvolution:
− Given A, estimating W

I least squares
I Bayesian estimation
I support vector regression

− Given W , estimating A
I least squares
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Multi-measure expression data

GTEx (Genotype-Tissue Expression) project: 13 brain
regions/measures; 105 subjects
BrainSpan atlas of the developing human brain: 26 brain
regions/measures; 33 subjects

HIP
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Cerebrum

Basal ganglia

Pituitary gland

Brainstem
Cerebellum
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Nueroexpresso: Variability by cell type and region
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New idea: multi-measure deconvolution

Goal: estimate individual-level cell-type expression

Assumptions:

• Expected cell type expression is constant across measurements
for an individual

− Cells of a given type have a predictable expression pattern
− Expression varies by individual because of genetic variation,

developmental stage, disease status etc.

• Cell-type fraction varies by individual (i) and measurement (t)

− Pre-estimate Wi: individual-level cell-type fraction, for each t
using single cell data
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New idea: multi-measure deconvolution (MIND)
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• Xij : tissue expression across multi-measures (observed)

• W i: pre-estimated cell type fractions (given)

• Aij : subject-level cell-type-specific gene expression (output)
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Single-measure vs. multi-measure deconvolution
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Three-level random-effects model for MIND

• Three-level random-effects model:

Xij

(T×1)

= W i

(T×K)

Aij

(K×1)

+ eij
(T×1)

;

Aij ∼ N (0,Σc) ,

eij ∼ N
(
0, σ2eIT

)
.

− level 1: T ≈ 10 measures
− level 2: p ≈ 20, 000 genes (indexed by j)
− level 3: n ≈ 100 subjects (indexed by i)
− input: X (n× p× T ), W (n× T ×K)
− output: A (n× p×K)

• We derived a computationally efficient EM algorithm:

− Parameters are estimated via maximum likelihood;
− All genes can be deconvolved together in minutes.
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Estimation: random effects

Cell-type-specific expression (Aij , random effect) is estimated
using an empirical Bayes method:

• Estimates of random effects: conditional mean of random
effects given observed data and estimated parameter values

Âij =

[
I + σ̂2e

(
Σ̂cW

′
iW i

)−1
]−1 (

W
′
iW i

)−1
W

′
iXij

• Shrinkage to the origin (James-Stein estimator)

• Weight depends on variance components and W i

• More robust to outliers than least squares
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Method evaluation: deconvolving GTEx brain data

• Measured cell-type-specific expression (Aij) from scRNA-seq
(ground truth) for several subjects

• Estimated Âij by MIND for the same subjects
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Method evaluation: simulation with real data

• Simulate tissue expression data (Xij) with

− cell-type-specific expression (Aij) measured from scRNA-seq
− cell type fraction (W i) estimated in GTEx
− eij with variance σ2

e ∝ σ2
c (variance of Aij)

• Calculate the correlation between deconvolved (Âij) and true
cell-type-specific expression (Aij)
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How can we use MIND?

Subject-level cell-type-specific expression

can provide novel insights
that are previously unavailable:

C
el

l t
yp

e

Ge
ne

Subject

• versus key subject level covariates: case-control analysis

• versus gene lists for enrichment analysis

• versus genotype to discover eQTLs

• to obtain gene-gene correlation and networks
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BrainSpan atlas of the developing human brain
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BrainSpan atlas of the developing human brain
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Case study: cell-type-specific co-expression network

• Gene expression correlation ⇒ co-expression network

• Count number of connections per gene per cell type

• ASD (autism spectrum disorder) genes have more connections
than non-ASD genes in immature neurons
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Case study: cell-type-specific co-expression network

• Gene expression correlation ⇒ co-expression network

• Count number of connections per gene per cell type

• ASD (autism spectrum disorder) genes have more connections
than non-ASD genes in immature neurons
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Case study: using MIND identifies new ASD genes
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red: known ASD genes

blue: ASD-correlated genes

identified based on MIND

• play regulatory roles

• are evolutionarily conserved
(essential)

• are related to

neurodevelopmental disorders
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Larger Question for Progress

Seek gene-gene correlations computed by cell type

• Single cell data provides this, but the cells are from a very
small number of tissue samples

• Deconvolved tissue samples can be obtained from hundreds of
samples, but require at least 3 reps per sample

• Which variation is important for co-expression?

• Hard to determine which genes are co-expressed when the
expressions are at the maximum of the range of the genes

Can we combine information from both types of
data to construct better gene networks?
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