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“Lensing”

For any given 
chemical-assay 
dataset, what is the 
optimal level of 
chemical and 
biological specificity 
to discover useful 
SAR associations? 



Chemical/Substance representations for 
hazard & risk evaluation
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chemistry
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biology

Toxicity structural alerts 
HPV categories
TTC categories
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usage

Exposure 
Scenario-Informed

Fate & Bioavailability
Exposure route

EPA workshop, April 2011 

Biological “in silico” 
or HTS Profiling Data ToxCast/Tox21
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Building a public chemotype
“knowledge- base”
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HTS-In vitro

Use categories
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Phys-chem 
properties
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ToxCast HTS data
6

• >4000 EPA chemicals x 
>1200 assay endpoints

• >9000 Tox21 chemicals x 
>1000 assay endpoints

Estimate > 4 million   chemical-
assay data points!



In Vitro HTS {CT-Assay}ToxCast.Tox21

Tox21

Chemotype-Activity Enrichments

ToxPrint Chemotypes

{CT}Tox21

+

+ In vivo

 Create {CT-Activity} enrichment profiles for any “active” subspace of a test set
 Focus studies in local CT domains & compare enrichments across data domains

Chemical “abstraction” layer
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729 features important to EPA & FDA’s “chemical exposure” landscape and safety 
assessment workflow

ToxPrints: http://www.toxprint.org

Chemotyper: http://www.chemotyper.org

Groups & Scaffolds Bonding 
Patterns

Chains

Atom types

Binary fingerprint file

Windows desktop 
application

ToxPrints: A Public Set of Chemotypes

 Clear, reproducible means for 
defining & visualizing local chemistry 

http://www.toxprint.org/
http://www.chemotyper.org/


Computing CT-Assay “Enrichments” 
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Set statistical thresholds & filters for significance to support 
data-mining objectives:

 Odds Ratio ≥ 3, conveys simple fractional enrichment
 Fischer’s exact p value ≤ 0.05, takes into account size of dataset
 Tpos (TP) ≥ 3, require at least 3 chemicals with CT in Positives

CTTot = total # chems in TestSet w/ CT (Pos or Neg)
TP (Tpos) = # Pos in TestSet w/ CT
FP (Fpos) = # Neg in TestSet w/ CT 
FN (Fneg) = # Pos in TestSet w/o CT
TN (Tpos) = # Neg in TestSet w/o CT

TestSet = # Pos + # Neg = # chems tested



Generate CT-Enrichment Table Results

Store CTEW 
results in DB 

qsarDB

Generate fingerprints

ToxPrints

Generate binary 
“Hitcall Matrix”

DSSTox

MySQL DB

invitroDB

Automated Chemotype-Enrichment 
Workflow (CTEW)

10

ToxCast 
assays

Calculate enrichment 
statistics

Slide courtesy of Ryan Lougee



557,465 assay-CT pairs

16,456 assay-
CT pairs

930 unique 
assays

442 unique 
CTs

OR ≥ 3
pval ≤ 0.01
CTpos ≥ 3

?
!
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CTEW applied to all ToxCast assays 
in invitroDB (Dec-2017)

557,465 assay-CT pairs
(1270 assays, 625 CTs)

OR ≥ 3
pval ≤ 0.05
CTpos ≥ 3

 73%

 90%

 92%

 Significant CT-
enrichments across 

large portion of ToxCast 
assay-CT space

22,536 assay-
CT pairs

1032 unique 
assays

479 unique 
CTs

?

!
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Assays x Enriched CT count

Enriched CT-counts across 1032 assays
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“Global” QSAR models* 
for 167 ToxCast Assays
Avg % Median BA = 0.67

“Global” QSAR models failed for 86% of ToxCast Assays

*Random Forest models based on ToxPrint CT descriptors, validated using 
independent Test Set & Y-randomization, with Training (100A,100I) & Test 
(25A,25I) Set minimums (J. Fitzpatrick)
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Assays x Enriched CT count

Enriched CT-counts across 1032 assays
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ToxCast assays (aeids)

Significant CT-enrichments across ToxCast assay space considered 
“unmodelable” by traditional “global” QSAR methods

“Global” QSAR models* 
for 167 ToxCast Assays
Avg % Median BA = 0.67

“Global” QSAR models failed for 86% of ToxCast Assays

*Random Forest models based on ToxPrint CT descriptors, validated using 
independent Test Set & Y-randomization, with Training (100A,100I) & Test 
(25A,25I) Set minimums (J. Fitzpatrick)
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Enriched CT-count per assay trends
(1032 assays)

Total enriched CTs

N
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s

Does # enriched CTs depend 
on test set size?  YES!

63 assays 
enriched with 

50-59 CTs

Test set size (scaled)
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Enriched CT-count vs % Actives

30-39 CTs enriched in 
assays with avg Test 
Set size 2264 chems
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Does # enriched CTs depend 
on %Actives?  Not so much.

Total enriched CTs

%
Actives in Test Set
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Assay-counts per enriched CT
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Assay (aeid) counts per enriched CT

N
um

be
r o

f C
Ts

Enriched CT-counts 
across 1032 assays

58 CTs enriched in 
100-200 assays 

each
6 CTs enriched 

in over 300 
assays each

79 CTs enriched in 
11-20 assays each

CT-specificity

CT-promiscuity



Tuning biology to pick up 
chemical “signal”

CT Enrichments of Time-series* “Assays”

“Tuning” biology to 
increase CT 

enrichments 
increases 
biological-

chemical “signal” 

* 95 Assays out of 1032 total are within time-series groups

• How are {CT-assay} enrichments affected by 
activity threshold assumptions?  

• How are {CT-assay} enrichments affected by cell 
toxicity (“burst”) filters?  (R. Lougee)



Tuning chemistry to pick up 
biological “signal”

Assay Enrichments of chemistry-series groups

“Tuning” chemistry 
specificity to 

increase 
chemical-assay  

“signal” 
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ring:hetero_[5]_O_furan

ring:hetero_[5]_O_furan_a-nitro

ring:hetero_[5]_O_oxolane

ring:hetero_[5]_S_thiophene

ring:hetero_[5]_Z_1_2_3_4-Z

ring:hetero_[5]_Z_1_2_3-Z

ring:hetero_[5]_Z_1_2_4_1_3_4-Z
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CT x assay count



What about the “Inactives”?
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CT-assay pairs # unique assays # unique CTs

CT-Active CT-Inactive

More “CT-signal” in Actives, but 
significant amount of signal in Inactives

• Span ToxCast assay space
• More likely to occur in assays with 

fewer Active CT-enrichments
• May be due to several factors:

• True inactivity
• Assay artifacts
• QC failure

Inactive CT-enrichments 
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assay count (CT-Active enrichment) - 479 Total CTs

assay count (CT-Inactive enrichment) - 375 Total CTs
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CTs

Top 10 enriched CT-Inactives
(skewed from actives)

Inactive CT-enrichments 

• True inactivity?
• Assay artifacts?
• QC failure?

CT-Inactive >75 assays, 
CT-active <10 assays

Txp CT Name
assay count 
(CT-Active 
enrichment)

assay count 
(CT-Inactive 
enrichment)

Txp-101 bond:CN_amine_pri-NH2_aromatic 3 84
Txp-145 bond:CX_halide_alkyl-Cl_ethyl 0 79
Txp-260 bond:P~S_generic 1 94
Txp-362 bond:metal_metalloid_oxy 2 96
Txp-372 bond:metal_metalloid_Si 6 99
Txp-374 bond:metal_metalloid_Si 6 116
Txp-496 chain:oxy-alkaneLinear_ethyleneOxide_EO1(O) 5 91
Txp-497 chain:oxy-alkaneLinear_ethyleneOxide_EO2 6 127
Txp-607 ring:hetero_[4]_N_beta_lactam 1 118
Txp-663 ring:hetero_[6]_N_triazine_(1_3_5-) 2 234

_organo
_oxy



ToxPrints enriched in Fails
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Top 30 CTs enriched in QC “Fails” (vs. Scaled Pass)

Scaled Pass FailsTxp-551 (22-I,11-A aeids)

Txp-554 (50-I,1-A aeids)

# 
C
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s

Top 30 CTs represented in 454/1130 (40%) QC “Fails”

Metals likely fail due to method-
inadequacies, some very promiscuous



CT Enrichments in 
Fluorescence Assays
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ToxPrints

CT’s enriched (much more likely to be active) in “Fluorescence Assays” 
than in remaining assays

Slide courtesy of Ryan Lougee



Multi-electrode array (MEA) 
neurotoxicity assay

I n c r e a s e d  M F R

D e c r e a s e d  M F R

T o t a l = 1 0 8 0

N o  E f f e c t

D e c r e a s e d  M F R  +  C y t o t o x i c

• Screened 1080 ToxCast Phase II 
chemicals

• Activity measured as Mean Firing 
Rate (MFR) above or below 
threshold

758

207

107

 314 total “Actives” or Hits
 758 “Inactives” or No-hits (8 cytotoxic)
 Total Tested = 1080 (30% hit rate)

8

Strickland et al, Arch. Toxicol., 92:487-500, 2018



MEA CT-Enrichment Analysis:
Overall coverage



OR=18.3 (8/9 hits)

MEA CT-Enrichment Analysis:
Explore SAR within local CT domains



OR=11.3 (5/6 Hits)

MEA Hits 

MEA Non-Hits

NVS_GPCR_hOpiate_mu
NVS_GPCR_rOpiate_NonSelective
NVS_GPCR_rOpiate_NonSelectiveNa
NVS_IC_rCaBTZCHL
NVS_IC_rCaDHPRCh_L
NVS_IC_rNaCh_site2

ToxCast assays enriched with hits 
in CT665 & CT479 (OR > 4)

4/5 MEA hits with CT665 also MEA 
hits in Ion Channel (IC) assays

16/27 MEA hits in CT479 also 
hits in NVS_IC assays

NVS_IC+

NVS_IC+NVS_IC+ NVS_IC+
OR=5.4 (27/39 Hits)

MEA CT-Enrichment Analysis:
Use CTs to build biological linkages
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NIS Inhibition Assay 
(with Jun Wang, Susan Laws et al.)

High-Throughput Screening and Chemotype-Enrichment Analysis of ToxCast Phase II 
Chemicals Evaluated for Human Sodium-Iodide Symporter (NIS) Inhibition

1028 ToxCast Phase II chemicals screened
 27% positive at 20% threshold in single screen …Hit1

 6% positive in multiscreen, cell viability filtered results …Hit2
Wang et al., Environ. Int, 2019, 126:377-386

1028 
tested

273 HIT1

63 HIT2
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NIS Activation Assay 
Overall coverage

Top 9 CT’s enriched in both Hit1 and Hit2 datasets

60% coverage of actives



Linking global inferences to local CT 
enrichment results

28

N
um

be
r o

f T
ox

C
as

t 
as

sa
ys

 w
ith

 C
T-

en
ric

he
d 

in
 a

ct
iv

es

ToxPrints

CT Enriched 
in 167 assays

Avg Hit rate for 12 
cmpds containing 
CT = 12%



NIS Activation Assay 
Inverse activity enrichments

29

Top 3 CT’s enriched in both Hit1 and Hit2 “Inverse” datasets 



NIS Activation Assay 
Inverse activity enrichments
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Top 3 CT’s enriched in both Hit1 
and Hit2 “Inverse” datasets 
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ToxPrints

Txp-118

• Txp-118 enriched in 42 
ToxCast assays

• Avg assay hits per chemical 
containing Txp-118 is 8%
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NIS Activation Assay 
Exploring activity within CT domain

? (halogen) = F, Cl, I 

HC1-POS HC1-POS

HC1-POS

HC1-POS

HC1-POS

HC1-POSHC1-POS

HC1-POS

HC1-POS
HC2-POS HC2-POSHC2-POS

HC2-POS

HC2-POS

 What distinguishes inactives in CT-subspace? 
 What distinguishes the multiscreen Hit2 actives (HC2) from the single 

screen Hit1 (HC1) actives?



Random folds to select Hit2 set

32

 3 Random folds to select 63 HIT2 candidates from HIT2 set

1028 
tested

273 HIT1

63 HIT2

HIT1: Single Screen
HIT2: Multiscreen + cell viability filters

30 CTs enriched
60% coverage of actives
BA=0.71

23 CTs enriched
64% coverage of actives
BA=0.75

Set
Total CT-

Enrich
BA (full 
model)

HIT1 30 0.71
HIT2 23 0.75

Fold 1 15 0.71
Fold 2 19 0.71
Fold 3 16 0.71



Building a public chemotype 
“knowledge- base”

HTS-In vitro

ToxRef
COSMOS

ToxCast
Tox21

Chemicals

Chemicals

DSSTox_v2

Biological
Data

Fate & Transport
ADME

Reactivity
Biotransformation

Phys-chem 
properties

Biological 
activities

Measured
Properties

Models

ACToR
Inventories CPCat, Use
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