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Question from L1 – What comes next?
Drug discovery funnel

You are here



Heading down a ‘critical path’

National Institute of Health (NIH)
Molecular Libraries Critical Path Scheme 

Stockwell Lab Columbia + Broad Institute BIPDec



From L2: hits to probes –> validation

fluorescent features reveal putative
protein-ligand interactions

secondary, quantitative binding assays functional assays (e.g. cellular, biochemical)

compute composite Z-scores, ‘hit’ calls specificity analysis across proteins
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the ‘20.320 version’ of biology

experimental methods
mathematical models

manipulate targets/systems

transcription
translation of 
new proteins
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extracellular
factors

membrane 
receptors

transcriptional 
regulators

intracellular
signaling 
proteins

nuclear hormone receptors
(many diseases)

clotting factors
(DVT, hemophilia)
one of the best 

drugged classes!
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intracellular
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proteins

cytokines – IL-4
chemokines – MCP-1
growth factors - SHH

epigenetic enzymes - HDACs
latent cytoplasmic TFs – NF-kappaB
nuclear hormone receptors – FOXA1
classic transcription factors – MYC, MAX

cellular 
response



Sonic hedgehog protein
important role in development including limb and brain development

1995 Nobel Prize- Edward Lewis, Christiane 
Nüsslein-Volhard and Eric Wieschaus

Desert and Indian
(Dhh and Ihh)

‘spiny projections’

Hh genes

1978- Embryogenesis 
Mutational Genetic Screen 

mutant hedgehog drosophila larva



Sonic hedgehog protein
important role in development including limb and brain development

1995 Nobel Prize- Edward Lewis, Christiane 
Nüsslein-Volhard and Eric Wieschaus

Desert and Indian
(Dhh and Ihh)

~1991
Sonic
(Shh)

‘spiny projections’

Hh genes

1978- Embryogenesis 
Mutational Genetic Screen 

mutant hedgehog drosophila larva



M. Muenke, Seminars in Developmental Biology
Vol. 5, 293-301, 1994

mutations in Shh are linked with 
Holoproscencephaly (HPE)

1995 Nobel Prize- Edward Lewis, Christiane 
Nüsslein-Volhard and Eric Wieschaus

‘spiny projections’

Hh genes

‘cyclopia’

Sonic hedgehog protein
important role in development including limb and brain development

1978- Embryogenesis 
Mutational Genetic Screen 

mutant hedgehog drosophila larva

Desert and Indian
(Dhh and Ihh)

~1991
Sonic
(Shh)



Hedgehog signaling goes beyond embryogenesis
development, differentiation, and disease 

Hh signaling pathway involved in embryogenesis plays a critical role in the 
maintenance of stem cells in adult life and cellular responses to injury

dysregulation

tumorigenesis

differentiation/repair

epithelial progenitor
stem cell

self renewal

abnormal response 
to injury and 
regeneration

homeostasis/
regeneration and 
response to injury

normal signaling



Hedgehog proteins ‘de-repress’ Smoothened
Hh-Ptch binding interaction activates Gli-driven transcription

Gli
transcriptional 

activator

Patched
receptor
(12TM)

Hedgehog proteins
(Shh, Ihh, Dhh)

Target genes: Gli1, Ptc 

Gli
transcriptional 

repressor

Smoothened
GPCR-like protein

(7TM)

signaling 
enzymes

Ptch inhibits Smo
when not bound to Hh

de-repression of Smo stops partial degradation 
of Gli TFs, converting repressors to activators

‘brake’



loss or mutation of PTCH1
Basal Cell Carcinoma
Medulloblastoma
Rhabdomyosarcoma

activating mutations in SMO
Basal Cell Carcinoma
Ovarian Cancer

overexpression of SHH
Pancreatic Cancer (70%) Prostate Cancer
Gastric Cancer Lung Cancer
Medulloblastoma Ovarian Cancer



Drugs targeting Hedgehog pathway

Gli
transcriptional 

activator

Target genes: Gli1, Ptc 

Gli
transcriptional 

repressor

signaling 
enzymes

antagonists
agonists

antagonists

Patched
receptor

Hedgehog proteins
(Shh, Ihh, Dhh)

Smoothened
GPCR-like protein

Ptch inhibits Smo
when not bound to Hh



Cyclopamine
Smo antagonist and Hh pathway inhibitor

Veratrum californicum
wild corn lily

cyclopic lamb born of 
a mother sheep that 

ate corn lily

(Idaho farm, 1957)

11-yr investigation
By US Dept of Agriculture



Cyclopamine
Smo antagonist and Hh pathway inhibitor

Veratrum californicum
wild corn lily

11-yr investigation
By US Dept of Agriculture

Beachy & Chen Labs (Stanford): Cyclopamine inhibits Hh signaling by 
influencing the balance of active and inactive Smoothened protein

How did they arrive at this conclusion?

cyclopic lamb born of 
a mother sheep that 

ate corn lily

(Idaho farm, 1957)



Cyclopamine
lead for development of anti-cancer agents

Adult cancers - basal cell carcinoma, medulloblastoma, prostate, breast, pancreas

sonidegibvismodegibsaridegib

Veratrum californicum
wild corn lily

cyclopic lamb born of 
a mother sheep that 

ate corn lily



Patched receptor

Selective targeting of Hh signaling upstream of Smo

Ihh

Dhh Shh

cancers

cartilage 
degeneration

gonadal dysgenesis, neuropathies

Hh underactivity associated with cardiac disease!!



SMM assay: 20 kDa Shh N-terminal fragment

~10,000 printed compounds
(small molecule microarray)

Shh-N2.5 µg/mL 

20 pg/mL 5 µg/mL 

Alexa-647
streptavidin

biotinylated
anti-Shh
antibody

19 SMM hits
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Validating assay positives in secondary binding assays
‘mass sensing’ by Surface Plasmon Resonance (SPR)

~75% of SMM interactions retest by SPR

% Theoretical Maximum Binding at 2.5 µM Compound

tag

flow cell

matrix on Au chip

light source detector

prism

protein

Rmax= (MWA/MWL) x RL x S

For Video on SPR, go to:
https://www.youtube.com/watch?v=o8d46ueAwXI

adding mass leads to 
changes in refractive index

kinetic assay 
real time measurement 



SPR  experiments for Shh SMM hits

ShhN

• reverses orientation from primary assay 
• measures binding between immobilized protein and compounds injected in solution 
• kinetic measurements
• ranking assays (kon vs. koff, % Rumax)
• compound affinity characterization

sensorgram steady-state 
binding plot

inject compound

gold chip

KD = 9 µM



Measuring GLI-dependent transcriptional activity
quantitative assay for hedgehog signaling 
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light signal

luciferase

luciferase reaction

extracellular
stimuli

signaling 
pathway

cytoplasm

nucleus

Reporter GeneTRE

NIH/3T3 cell line transfected with GLI-responsive reporter assay vector

GLI
transcription

Hh



Measuring GLI-dependent transcriptional activity
SMM hit modulates transcriptional output in preliminary experiment
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A small molecule that binds
Hedgehog and blocks its signaling
in human cells
Benjamin Z Stanton1,2,7, Lee F Peng1–3,7, Nicole Maloof1,
Kazuo Nakai2, Xiang Wang1, Jay L Duffner1, Kennedy M Taveras1,
Joel M Hyman4, Sam W Lee5, Angela N Koehler1, James K Chen4,
Julia L Fox6, Anna Mandinova5 & Stuart L Schreiber1,2

Small-molecule inhibition of extracellular proteins that activate
membrane receptors has proven to be extremely challenging.
Diversity-oriented synthesis and small-molecule microarrays
enabled the discovery of robotnikinin, a small molecule
that binds the extracellular Sonic hedgehog (Shh) protein and
blocks Shh signaling in cell lines, human primary keratinocytes
and a synthetic model of human skin. Shh pathway activity
is rescued by small-molecule agonists of Smoothened, which
functions immediately downstream of the Shh receptor Patched.

Sonic hedgehog (Shh), the most widely characterized of the Hedgehog
homologs, is essential for proper embryonic development1–3. The Shh
pathway involves the autocleavage of full-length Shh into an active
20-kDa N-terminal fragment (ShhN), which binds to its 12-pass
transmembrane receptor, Patched (Ptc1), reversing its inhibitory effect
on Smoothened (Smo). One effect of this de-repression is the
activation of Gli transcription factors, which
regulate the transcription of target genes that
include Gli1 and Ptch1 (ref. 1).

Several synthetic and natural small-mole-
cule modulators of Smo, an apparent mem-
ber of the family of G protein–coupled
receptors (GPCRs), have been discovered
using cell-based phenotypic screens4. Shh
signaling antagonists that bind to Smo
include cyclopamine (3), SANT1 (4) and
Cur-61414 (5)5,6. Shh signaling agonists that
bind to Smo include the synthetic small
molecules purmorphamine (6) and Hh-
Ag1.2 (SAG; 7)7,8. Furthermore, small mole-
cules that inhibit Shh signaling downstream
of Smo, GANT61 (8) and GANT58 (9), have
also been reported (Supplementary Fig. 1

online)9. The discovery of small-molecule modulators of Shh signaling
provides an avenue to regulate the activity of a pathway implicated in
medulloblastoma, basal cell carcinoma (BCC), pancreatic cancer,
prostate cancer and developmental disorders2,10,11. Phase 1 clinical
trials in BCC and pancreatic cancer involving the Smo antagonists
GDC-0449 and IPI-926 (NCT00607724 and NCT00761696 at http://
clinicaltrials.gov, respectively) are currently underway12,13.

None of the reported synthetic Shh pathway inhibitors are known
to target the Shh protein itself. To our knowledge, all reported
examples of discoveries of small-molecule Shh signaling modulators
resulted from the use of cell-based phenotypic assays. Target-based
discovery of modulators of Shh signaling was expected to provide a
complementary approach.

Small-molecule microarray (SMM)-based screens have enabled the
discovery of small molecules that bind target proteins of interest and
modulate the cellular functions of their targets14–16. In this system,
small molecules have been linked covalently to a glass surface and
screened for binding to either a purified protein or an epitope-tagged
protein in a complex cell lystate17,18. Here, we report a screen of
bacterially expressed ShhN using SMMs containing a collection of
approximately 10,000 diversity-oriented synthesis (DOS) compounds
and natural products arrayed on a single microscope slide19.

In the ShhN SMM screen, some structurally related macrocycles
emerged as noteworthy assay positives. A representative macrocycle, 1
(Fig. 1a), was retested for binding to ShhN via surface plasmon
resonance (SPR) (Fig. 1b). The compound exhibited binding to ShhN
in a concentration-dependant fashion with a Kd of 9 mM, determined
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Figure 1 Characterization of SMM hit 1. (a) Structure of 1. (b) SPR plot of 1 binding to purified
ShhN. The plot shows normalized response units (RUs) on the y axis and time (s) on the x axis. The
concentrations plotted are 0.78 mM, 1.56 mM, 3.13 mM, 6.25 mM, 12.5 mM and 25 mM, in order of
increasing normalized RUs. (c) Luminescence plots for a Gli-dependent firefly luciferase reporter gene
assay of 1 at the indicated concentrations. ShhN represents a positive control for medium containing
ShhN palmitoylated at the N terminus. The assays were performed at 0.25% (v/v) DMSO. Each value
represents the average of five experiments, with the error bar denoting the s.d.
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each value represents 5 technical replicates
error bars denote standard deviation
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Hit to probe
chemical editing
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Stuart Schreiber, Harvard



Robotnikinin
Shh binder and antagonist

Doctor Ivo "Eggman" Robotnik

Sonic the Hedgehog





Gli inhibition by Robotnikinin is rescued 
by a Smoothened agonist

by fitting steady state data. To our knowledge, this is the first reported
discovery of a small molecule capable of binding to the ShhN protein.

We examined the activity of 1 in Shh-LIGHT2 cells (American Type
Culture Collection)20, which is an NIH3T3 cell line with a Gli-
dependent firefly luciferase reporter. These cells have been widely
used to demonstrate the efficacy of Shh pathway inhibitors (cyclopa-
mine) and activators (purmorphamine and SAG)4,6,21. Shh pathway
activity was inferred by measuring firefly luciferase levels after a 30 h
incubation with compound in the presence of N-palmitoylated ShhN.
The compound exhibited moderate Shh pathway inhibition (Fig. 1c)
and did not demonstrate cytotoxicity at any of the experimental
concentrations based on a cell titer viability assay run in parallel (see
Supplementary Methods online). This raised the possibility that the
ShhN binding was related to the moderate Shh pathway inhibition.

As part of an ongoing structure-activity relationship effort,
we identified a 12-membered macrocycle, which we have named
robotnikinin (2), that showed increased ShhN binding and displayed
a substantially longer dissociation time than 1. Based on SPR experi-
ments, robotnikinin (Fig. 2a) demonstrated ShhN binding capacity at
concentrations between 1.56 mM and 25 mM, with a Kd of 3.1 mM
derived from kinetic data (Fig. 2b). When this compound was tested
in an NIH3T3 line transformed with a Gli-luciferase construct, or
Shh-LIGHT2 cells11, it showed concentration-dependent inhibition of
ShhN-induced pathway activation (Fig. 2c). Additionally, at concen-
trations above 30 mM, the macrocycle exhibited inhibition comparable
to that observed upon treatment with 6.25 mM cyclopamine in Shh-
LIGHT2 cells. No substantial cytotoxicity was observed as judged by
cell titer measurements using a cell viability assay.

To explore further the potential mechanism of Shh pathway
inhibition involving direct perturbation of the ShhN protein complex,

the same compounds were tested in a Ptch1!/! cell line derived from
mouse embryos lacking Ptc1 function. The cell line had both Ptch1
alleles replaced with a b-galactosidase (b-gal) reporter21. Because
Ptch1 inhibits Hh pathway activation by repressing Smo function
and is also a target gene, removing both Ptch1 alleles results in
constitutive pathway activation and b-gal expression. Small-molecule
pathway inhibitors that act downstream of Ptch1 remain active in this
cell line. In the Ptch1!/! cell line, Shh pathway activity is proportional
to the b-gal levels observed after 30 h of incubation with compound.
No substantial difference was observed when the Ptch1!/! cell line was
treated with N-palmitoylated ShhN or low serum–containing culture
medium, which confirms that with the Ptc1 receptor absent, the Shh
pathway is constitutively activated and ShhN does not increase path-
way activation21. Previous studies have demonstrated that cyclopa-
mine, whose target (Smo) is downstream of Ptc1 (refs. 6,22), is
effective at ablating b-gal reporter activity in this cell line. In our
study, treatment with 6.6 mM cyclopamine resulted in substantial
pathway inhibition. In contrast, no pathway inhibition was observed
using robotnikinin at any of the concentrations tested after normal-
izing luminescence data for cell titer (Supplementary Fig. 2a online).
These results support a model in which this small molecule inhibits
the Shh pathway upstream of Ptc1 in Shh-LIGHT2 cells.

Our model predicts that treatment of Shh-LIGHT2 cells with the
Smo agonists purmorphamine and SAG would override the inhibitory
effect of robotnikinin given that Smo functions downstream of Shh/
Ptc1. When we tested the model by co-administering 3.6 mM purmor-
phamine in addition to various concentrations of robotnikinin, vir-
tually all of the inhibitory effect was eliminated. This effect was
recapitulated when 100 nM SAG was co-administered (Fig. 2c).
Next, we sought to test our model in the context of a different cell
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Figure 2 Robotnikinin. (a) The structure of robotnikinin, which is the compound that resulted from follow-up chemistry efforts to optimize potency. (b) SPR
curve of robotnikinin showing concentration-dependent binding to purified ShhN. Normalized RUs are plotted over a time course. The concentrations plotted
are 1.56 mM, 3.13 mM, 6.25 mM, 12.5 mM and 25 mM, in order of increasing Rus. (c) Inhibition of Gli signaling by robotnikinin in Shh-LIGHT2 cells
stimulated with medium containing ShhN palmitoylated at the N terminus, relative to 6.25 mM cyclopamine (a small-molecule inhibitor of Smoothened).
Shh-LIGHT2 cells stimulated with N-palmitoylated ShhN along with 3.6 mM purmorphamine or 100 nM SAG (small-molecule activator of Smoothened)
showed negligible inhibition at the indicated concentrations of inhibitor. (d) Robotnikinin lowers levels of endogenous Gli2 mRNA (analyzed by qPCR) in
primary human keratinocytes in a dose-dependent manner; this effect is blocked by the co-administration of Smo agonists. Note that there is some Gli
expression in the absence of exogenous Shh due to the presence of a basal amount of Shh in the growth medium. (e) When analyzed by qPCR, synthetic
human skin displayed Gli1 and Gli2 transcriptional repression in the presence of varying concentrations of robotnikinin. (f) Robotnikinin inhibits the
induction of the Shh pathway. Our experiments support a mechanism involving inhibition of the actions of Shh, either directly or indirectly by interfering with
a precursor complex. All error bars show s.d.
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rescue experiments are common
in systems biology

validate mechanistic hypotheses

reporter assay



Ligand competition assays to assess specificity

BODIPY-cyclopamine binds to Smoothened at cell surface 

Smoothened-overexpressing human embryonic kidney cells

Conclusion: Robotnikinin does not compete with a labeled Smo ligand



Inhibition of stem cell differentiation

mouse mesenchymal stem cells differentiate into osteoblasts and upregulate
alkaline phosphatase (AP) when stimulated with N-palmitoylated ShhN

‘rescue’inhibition



Skin: Robotnikinin lowers levels of GLI2 mRNA 
in primary human keratinocyte cells

primary human keratinocytes 
isolated from the basal cell layer

measure mRNA by quantitative 
PCR after 30-hr treatments

by fitting steady state data. To our knowledge, this is the first reported
discovery of a small molecule capable of binding to the ShhN protein.

We examined the activity of 1 in Shh-LIGHT2 cells (American Type
Culture Collection)20, which is an NIH3T3 cell line with a Gli-
dependent firefly luciferase reporter. These cells have been widely
used to demonstrate the efficacy of Shh pathway inhibitors (cyclopa-
mine) and activators (purmorphamine and SAG)4,6,21. Shh pathway
activity was inferred by measuring firefly luciferase levels after a 30 h
incubation with compound in the presence of N-palmitoylated ShhN.
The compound exhibited moderate Shh pathway inhibition (Fig. 1c)
and did not demonstrate cytotoxicity at any of the experimental
concentrations based on a cell titer viability assay run in parallel (see
Supplementary Methods online). This raised the possibility that the
ShhN binding was related to the moderate Shh pathway inhibition.

As part of an ongoing structure-activity relationship effort,
we identified a 12-membered macrocycle, which we have named
robotnikinin (2), that showed increased ShhN binding and displayed
a substantially longer dissociation time than 1. Based on SPR experi-
ments, robotnikinin (Fig. 2a) demonstrated ShhN binding capacity at
concentrations between 1.56 mM and 25 mM, with a Kd of 3.1 mM
derived from kinetic data (Fig. 2b). When this compound was tested
in an NIH3T3 line transformed with a Gli-luciferase construct, or
Shh-LIGHT2 cells11, it showed concentration-dependent inhibition of
ShhN-induced pathway activation (Fig. 2c). Additionally, at concen-
trations above 30 mM, the macrocycle exhibited inhibition comparable
to that observed upon treatment with 6.25 mM cyclopamine in Shh-
LIGHT2 cells. No substantial cytotoxicity was observed as judged by
cell titer measurements using a cell viability assay.

To explore further the potential mechanism of Shh pathway
inhibition involving direct perturbation of the ShhN protein complex,

the same compounds were tested in a Ptch1!/! cell line derived from
mouse embryos lacking Ptc1 function. The cell line had both Ptch1
alleles replaced with a b-galactosidase (b-gal) reporter21. Because
Ptch1 inhibits Hh pathway activation by repressing Smo function
and is also a target gene, removing both Ptch1 alleles results in
constitutive pathway activation and b-gal expression. Small-molecule
pathway inhibitors that act downstream of Ptch1 remain active in this
cell line. In the Ptch1!/! cell line, Shh pathway activity is proportional
to the b-gal levels observed after 30 h of incubation with compound.
No substantial difference was observed when the Ptch1!/! cell line was
treated with N-palmitoylated ShhN or low serum–containing culture
medium, which confirms that with the Ptc1 receptor absent, the Shh
pathway is constitutively activated and ShhN does not increase path-
way activation21. Previous studies have demonstrated that cyclopa-
mine, whose target (Smo) is downstream of Ptc1 (refs. 6,22), is
effective at ablating b-gal reporter activity in this cell line. In our
study, treatment with 6.6 mM cyclopamine resulted in substantial
pathway inhibition. In contrast, no pathway inhibition was observed
using robotnikinin at any of the concentrations tested after normal-
izing luminescence data for cell titer (Supplementary Fig. 2a online).
These results support a model in which this small molecule inhibits
the Shh pathway upstream of Ptc1 in Shh-LIGHT2 cells.

Our model predicts that treatment of Shh-LIGHT2 cells with the
Smo agonists purmorphamine and SAG would override the inhibitory
effect of robotnikinin given that Smo functions downstream of Shh/
Ptc1. When we tested the model by co-administering 3.6 mM purmor-
phamine in addition to various concentrations of robotnikinin, vir-
tually all of the inhibitory effect was eliminated. This effect was
recapitulated when 100 nM SAG was co-administered (Fig. 2c).
Next, we sought to test our model in the context of a different cell

b c
Robotnikinin SPR plot
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Figure 2 Robotnikinin. (a) The structure of robotnikinin, which is the compound that resulted from follow-up chemistry efforts to optimize potency. (b) SPR
curve of robotnikinin showing concentration-dependent binding to purified ShhN. Normalized RUs are plotted over a time course. The concentrations plotted
are 1.56 mM, 3.13 mM, 6.25 mM, 12.5 mM and 25 mM, in order of increasing Rus. (c) Inhibition of Gli signaling by robotnikinin in Shh-LIGHT2 cells
stimulated with medium containing ShhN palmitoylated at the N terminus, relative to 6.25 mM cyclopamine (a small-molecule inhibitor of Smoothened).
Shh-LIGHT2 cells stimulated with N-palmitoylated ShhN along with 3.6 mM purmorphamine or 100 nM SAG (small-molecule activator of Smoothened)
showed negligible inhibition at the indicated concentrations of inhibitor. (d) Robotnikinin lowers levels of endogenous Gli2 mRNA (analyzed by qPCR) in
primary human keratinocytes in a dose-dependent manner; this effect is blocked by the co-administration of Smo agonists. Note that there is some Gli
expression in the absence of exogenous Shh due to the presence of a basal amount of Shh in the growth medium. (e) When analyzed by qPCR, synthetic
human skin displayed Gli1 and Gli2 transcriptional repression in the presence of varying concentrations of robotnikinin. (f) Robotnikinin inhibits the
induction of the Shh pathway. Our experiments support a mechanism involving inhibition of the actions of Shh, either directly or indirectly by interfering with
a precursor complex. All error bars show s.d.
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Robotnikinin blocks lowers levels of GLI1 and GLI2
mRNA in synthetic human skin

by fitting steady state data. To our knowledge, this is the first reported
discovery of a small molecule capable of binding to the ShhN protein.

We examined the activity of 1 in Shh-LIGHT2 cells (American Type
Culture Collection)20, which is an NIH3T3 cell line with a Gli-
dependent firefly luciferase reporter. These cells have been widely
used to demonstrate the efficacy of Shh pathway inhibitors (cyclopa-
mine) and activators (purmorphamine and SAG)4,6,21. Shh pathway
activity was inferred by measuring firefly luciferase levels after a 30 h
incubation with compound in the presence of N-palmitoylated ShhN.
The compound exhibited moderate Shh pathway inhibition (Fig. 1c)
and did not demonstrate cytotoxicity at any of the experimental
concentrations based on a cell titer viability assay run in parallel (see
Supplementary Methods online). This raised the possibility that the
ShhN binding was related to the moderate Shh pathway inhibition.

As part of an ongoing structure-activity relationship effort,
we identified a 12-membered macrocycle, which we have named
robotnikinin (2), that showed increased ShhN binding and displayed
a substantially longer dissociation time than 1. Based on SPR experi-
ments, robotnikinin (Fig. 2a) demonstrated ShhN binding capacity at
concentrations between 1.56 mM and 25 mM, with a Kd of 3.1 mM
derived from kinetic data (Fig. 2b). When this compound was tested
in an NIH3T3 line transformed with a Gli-luciferase construct, or
Shh-LIGHT2 cells11, it showed concentration-dependent inhibition of
ShhN-induced pathway activation (Fig. 2c). Additionally, at concen-
trations above 30 mM, the macrocycle exhibited inhibition comparable
to that observed upon treatment with 6.25 mM cyclopamine in Shh-
LIGHT2 cells. No substantial cytotoxicity was observed as judged by
cell titer measurements using a cell viability assay.

To explore further the potential mechanism of Shh pathway
inhibition involving direct perturbation of the ShhN protein complex,

the same compounds were tested in a Ptch1!/! cell line derived from
mouse embryos lacking Ptc1 function. The cell line had both Ptch1
alleles replaced with a b-galactosidase (b-gal) reporter21. Because
Ptch1 inhibits Hh pathway activation by repressing Smo function
and is also a target gene, removing both Ptch1 alleles results in
constitutive pathway activation and b-gal expression. Small-molecule
pathway inhibitors that act downstream of Ptch1 remain active in this
cell line. In the Ptch1!/! cell line, Shh pathway activity is proportional
to the b-gal levels observed after 30 h of incubation with compound.
No substantial difference was observed when the Ptch1!/! cell line was
treated with N-palmitoylated ShhN or low serum–containing culture
medium, which confirms that with the Ptc1 receptor absent, the Shh
pathway is constitutively activated and ShhN does not increase path-
way activation21. Previous studies have demonstrated that cyclopa-
mine, whose target (Smo) is downstream of Ptc1 (refs. 6,22), is
effective at ablating b-gal reporter activity in this cell line. In our
study, treatment with 6.6 mM cyclopamine resulted in substantial
pathway inhibition. In contrast, no pathway inhibition was observed
using robotnikinin at any of the concentrations tested after normal-
izing luminescence data for cell titer (Supplementary Fig. 2a online).
These results support a model in which this small molecule inhibits
the Shh pathway upstream of Ptc1 in Shh-LIGHT2 cells.

Our model predicts that treatment of Shh-LIGHT2 cells with the
Smo agonists purmorphamine and SAG would override the inhibitory
effect of robotnikinin given that Smo functions downstream of Shh/
Ptc1. When we tested the model by co-administering 3.6 mM purmor-
phamine in addition to various concentrations of robotnikinin, vir-
tually all of the inhibitory effect was eliminated. This effect was
recapitulated when 100 nM SAG was co-administered (Fig. 2c).
Next, we sought to test our model in the context of a different cell
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Figure 2 Robotnikinin. (a) The structure of robotnikinin, which is the compound that resulted from follow-up chemistry efforts to optimize potency. (b) SPR
curve of robotnikinin showing concentration-dependent binding to purified ShhN. Normalized RUs are plotted over a time course. The concentrations plotted
are 1.56 mM, 3.13 mM, 6.25 mM, 12.5 mM and 25 mM, in order of increasing Rus. (c) Inhibition of Gli signaling by robotnikinin in Shh-LIGHT2 cells
stimulated with medium containing ShhN palmitoylated at the N terminus, relative to 6.25 mM cyclopamine (a small-molecule inhibitor of Smoothened).
Shh-LIGHT2 cells stimulated with N-palmitoylated ShhN along with 3.6 mM purmorphamine or 100 nM SAG (small-molecule activator of Smoothened)
showed negligible inhibition at the indicated concentrations of inhibitor. (d) Robotnikinin lowers levels of endogenous Gli2 mRNA (analyzed by qPCR) in
primary human keratinocytes in a dose-dependent manner; this effect is blocked by the co-administration of Smo agonists. Note that there is some Gli
expression in the absence of exogenous Shh due to the presence of a basal amount of Shh in the growth medium. (e) When analyzed by qPCR, synthetic
human skin displayed Gli1 and Gli2 transcriptional repression in the presence of varying concentrations of robotnikinin. (f) Robotnikinin inhibits the
induction of the Shh pathway. Our experiments support a mechanism involving inhibition of the actions of Shh, either directly or indirectly by interfering with
a precursor complex. All error bars show s.d.
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MGH synthetic human skin model:

1. Extract dehydrated collagen matrix 
from skin grafts

2. Populate matrix with primary 
keratinocytes

3. Culture to form several dermal 
layers

4. Incubate with compound, analyze 
by qPCR and histology

Anna Mandinova, MGH

‘rescue’inhibition

Structure-activity relationship
Syn-skin punches



Shh and the hair follicle – a regulator of luscious locks

SHH

lower levels of Hh expression or signaling is associated with baldness



Exploring stimulation of Shh pathway as a way 
to promote hair growth

Smoothened agonists used in our rescue experiments



Robotnikinin inhibits hair growth in vitro

8 days post depilation 12 days post depilation

DMSO 10 uM robotnikinin DMSO10 uM robotnikinin



Robotnikinin causes hair follicles to fail anagen phase entry
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DMSO10 µM Robotnikinin

robotnikinin treatment shows no signs of inflammation or failed skin differentiation



Patched
receptor

Improving Hh homolog selectivity
medicinal chemistry

BRD-K81967595
KD (SHH) = 9500 nM
KD (DHH) = 13 nM

>500 fold

BRD-K93170324
KD (SHH) = 7 nM

KD (DHH) = 20000 nM
>2500 fold

Ihh

Dhh Shh



Path for probe discovery, validation, and development

SMM specificity analysis secondary
binding

cellular or
biochemical assays

optimize molecules
using chemistry

additional cell biology
animal models



Into the eye of the cytokine storm
New Direction - IL-4 and profiling pro-and anti-inflammatory cytokines



Into the eye of the cytokine storm
New Direction - IL-4 and profiling pro-and anti-inflammatory cytokines



Upcoming Lectures

2/9/23 Lecture 1 Intro to chemical biology: small molecules, probes, and screens

2/14/23 Lecture 2 Small Molecule Microarray (SMM) technique

2/16/23      Lecture 3 Our protein target – MAX

2/21/23      No Lecture

2/23/23 Lecture 4 Quantitative evaluation of protein-ligand interactions

2/28/23 Lecture 5 An SMM ligand discovery vignette for sonic hedgehog

3/2/23 Lecture 6 KB-0742: A Phase 2 clinical candidate discovered by SMMs

3/7/23 Lecture 7 Wrap up discussion for Mod 1 experiments and report


