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Small molecules offer great advantages for directed differentiation of human pluripotent stem
cells (hPSCs) into defined lineages. Although small molecule combinations are used for neural
lineage induction (e.g. dual SMAD inhibition, d-SMADi), there is no systematic understanding of
how these small molecules, either applied alone or in combination, affect quantitative gene
expression and lineage commitment. Here, we employed a high-throughput transcriptomics method
(RASL-Seq) to profile dose-dependent transcriptional responses of induced pluripotent stem cells
(iPSCs) along a 7-day neural induction experiment using small molecule inhibitors for bone
morphogenetic protein (BMP) and/or transforming growth factor-beta (TGF-β) pathways (i.e. monoand d-SMADi). A total of 358 lineage-related genes and transcription factors were tested in single
or combined drug treatments across 7 dosages. Gene expression was analyzed using a custombuilt algorithm to obtain dose-dependent curve classification, maximum efficacy and critical
concentrations. This strategy identified genes regulated in opposite directions upon BMP inhibitor
(LDN-193189) or TGF-β inhibitor (A83-01) treatment such as SMOC1, GADD45A, SESN3 and
WLS. We also discovered genes that exclusively responded to LDN-193189 (e.g. GAD2, HESX1,
PAX3 and FOXG1) but not A83-01 and vice versa (e.g. GAP43, MT1X and ZFHX4). Next, drug
combination effects were addressed by comparing mono- and dSMADi revealing antagonistic
effects on GBX2, TNNT2, HESX1 and PAX3. Notably, the correlation of differential drug response
on gene expression profiles identified the distinct contribution of BMP inhibition and TGF-β
inhibition to fate determination to either the CNS or PNS lineages. Lastly, to establish our approach
as a general chemical biology resource, we mapped transcriptomic profiles regulated by 16
compounds that are widely used in the stem cell field but are not well-characterized. In summary,
precisely defining the quantitative relationships between small molecules and gene expression
changes represents a novel approach to better control and predict the differentiation trajectory of
hPSCs.

2
2

t-SNE-1

B.

53
11

LDN+A83

132
84
102
86

LDN

162
101

A83

Max Efficacy (Log2FC)

B.

Figure 2. Distinct effects of BMP inhibition (LDN-193189), TGF-β inhibition (A83-01) or
dual SMAD inhibition on neural induction (day 7). (A) t-SNE plot (dimensionality reduction
algorithm) reveals distinct populations of iPSCs under chemically defined culture conditions upon
different treatments. (B) Venn diagram showing the number of distinct and overlapping genes
when comparing the three treatment groups. (C) Dose-dependent genes identified by RASL-Seq
upon mono-SMAD inhibition reveal the differences between LDN and A83 treatment. Genes are
classified by the relative effects between the two treatments. Bar graph shows the maximum
response from the basal changes (E6 medium) at day 7.
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Figure 6. Identification of dose-dependent gene expression during neural induction (day 7)
(A) Scatter plots shows the maximum changes for each gene above basal level (max Efficacy) in
each condition. The values represent number of genes showing more than 2-fold increase from
basal levels (black) and are dose-responsive among those (yellow). (B) Top 10 up- and downregulated genes upon a specific treatment. Each panel shows top 10 genes ranked by max
Efficacy. Horizontal bars show the maximum and minimum fold change (comparison pluripotent
state versus differentiated cells). Red: positive dose response; Green: negative dose response.

Anneal probes

Figure 3. BMP inhibition alone induce anterior forebrain markers. (A) Comparison of gene
expression changes in response to E6 culture medium, LDN-193189 (BMP pathway inhibition)
and A83-01 (TGF-β pathway inhibition). (B) Examples of dose-response experiments showing
genes regulated by LDN but not A83-01.
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Figure 7. Validation of patterning effects caused by FGF receptor inhibition (SU5402),
Retinoic acid or WNT activation (CHIR 99021). Representative examples showing how
systematic quantitative gene expression data can aid in identifying compounds that impact cell
fate specification. Horizontal bars show the maximum and minimum fold change of day 7
differentiation over pluripotent state. Red: positive dose response; Green: negative dose
response; Grey: no dose response. Blue vertical line as basal change from culture medium.
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Figure 4. Synergistic and antagonistic effects of drug combinations. (A) Heatmap shows
the minimal concentrations required to reach 80% expression for a given gene. If higher
concentrations of LDN are required under d-SMADi conditions, the combination with A83 implies
negative effects on the expression of those genes. (B) Identification of synergistic and
antagonistic effects on gene expression dose response curve (mono- or d-SMADi treatment).
Figure 1. Neural conversion of iPSCs and characterization of compound effects on dosedependent gene expression. (A) Neural induction of iPSCs by d-SMADi, inhibition of TGF-β
(A83-01) and BMP signaling (LDN-193189). Immunostaining for OCT4 (red) and PAX6 (green)
expression of cells at Day 0 and Day 7. (B) High-throughput gene expression profiling using the
RASL-Seq method to identify dose-dependent gene regulation. (C) Custom parameters
(MaxRatio, MinRatio, Max Efficacy, Basal level and Critical concentration) were generated using
an algorithm to quantitatively describe the gene expression changes upon treatment. (D)
Approach to identify combination effects, which are depicted by comparing curve shifts between
single and combination treatment. (E) Illustration of critical concentration determination for
measuring the potency of each compound regulating a specific gene.
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Sample Name
Dorsomorphin dihydrochloride
LDN193189
PD 173074
SU 5402
SAG 21k
PD 0325901
DBZ
DAPT
LY-411575
Retinoid acid
A 83-01
SB 431542
CHIR 98014
CHIR 99021
endo-IWR 1
XAV939

Mechanism of action
BMP signaling inhibitor
BMP signaling inhibitor
FGF receptor antagonist
FGF receptor antagonist
Hedgehog signaling activator
MEK inhibitor
Notch pathway inhibitor
Notch signaling inhibitor
Notch signaling inhibitor
RAR agonist
TGFβ signaling inhibitor
TGFβ signaling inhibitor
WNT signaling activator
WNT signaling activator
WNT/β-catenin signaling inhibitor
WNT/β-catenin signaling inhibitor
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Figure 5. Commonly used compounds for
stem cell differentiation. (A) Compounds tested
in this study are classified by mechanism of
action. (B) Schematic of experimental design.
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Detailed characterization of compound effects on gene expression by mono- or dual
SMAD inhibition reveals more detailed information on neural lineage commitment.
High-throughput gene expression profiling enables the identification of compoundspecific gene regulation in a dose-dependent manner, which can serve as a valuable
resource for future experiments.
Precise characterization of small molecule effects will facilitate data-driven decisions
on selecting and combining chemical compounds and using validated and specific
concentrations to better control gene expression programs and formulate advanced
cell differentiation protocols.
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