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patient samples 
reveal list of 

disease genes

discover molecules 
that reverse impact of 

disease genes

test impact of disease
genes in a physiologic

settings

Therapeutically-driven probe discovery
target cause of disease revealed by human genetics
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MLL HAND2 BRAF
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SSX4 BCL11A HOXB13

SOX2 ETV1 YAP1

MYC FOXA1 PAX5

... ... ...



Transcription factors
implicated in a broad spectrum of disease

AVGR8 central corneal thickness
BCL11A β-hemoglobin disorders
CAMTA1 episodic memory deficit
ELF1 systemic lupus erythematosus
ETS1 systemic lupus erythematosus
GATA3 periodontitis
GTF2H1 amyloidosis
HHEX-IDE   T2D
HIF2A RCC
HNF1B T2D
HPB1 osteoarthritis
IRF5 various AI disorders 
IRF8 MS
LBXCOR1 restless leg syndrome
MAF early-onset obesity
MECP2 autism

MEIS1 restless leg syndrome
MLXIPL coronary artery disease
NFATC2 T1D
NOTCH2 T2D
PBX4 coronary artery disease
PPARG T2D
RELA rheumatoid arthritis
RFX4 Parkinson’s disease
SP7 BMD
STAT3 various AI disorders and cancers
STAT4 systemic lupus erythematosus
TCF4 schizophrenia, corneal dystrophy 
TCF7L2 T2D
THAP1 early-onset torsion dystonia
ZNF469 central corneal thickness
ZNF804A schizophrenia

…



Transcription factors
misregulation in cancer

amplified TF cancer genes

JUN sarcoma
LMO1 T-ALL, neuroblastoma
MITF melanoma
MYC various cancers
MYCL1 small cell lung
MYCN neuroblastoma
NKX2-1 folicular lymphoma
REL Hodgkin lymphoma
SOX2 NSCLC, esophageal SCC

TF cancer genes with frameshift mutations

ARID1A clear cell ovarian carcinoma, RCC
ASXL1 MDS, CMML
ATRX pancreatic neuroendocrine
CEBPA AML, MDS
CREBBP ALL, AML, DLBCL, B-NHL
DAXX pancreatic neuroendocrine
EP300 various cancers
GATA1 megakaryoblastic leukemia
GATA3 breast
HNF1 HCC, hepatic adenoma
HRPT2 parathyroid adenoma
NOTCH2 marginal zone lymphoma, DLBCL
PBRM1 breast, clear cell renal carcinoma
PHOX2B neuroblastoma
PRDM1 DLBCL
RB1 various cancers
SMAD4 gastrointestinal polyps
SMARCA4 NSCLC
SMARCB1 malignant rhabdoid
SUFU medulloblastoma
TP53 various cancers
WT1 Wilms tumor

germline mutated TF cancer genes

HNF1 HCC, hepatic adenoma
LMO1 neuroblastoma
PHOX2B neuroblastoma
RB1 various cancers
SMAD4 gastrointestinal polyps
SMARCB1 malignant rhabdoid
SUFU medulloblastoma
TP53 various cancers
WT1 Wilms tumor …



…

somatically mutated TF cancer genes

AFF4 ALL
ARNT AML
ATF1 melanoma, AFH 
BTG1 BCLL
CBFB AML
CDX2 AML
CEBPA AML, MDS
CIC soft tissue sarcoma
CIITA PMBL, Hodgkin lymphoma
CREB1 clear cell sarcoma
CREBBP ALL, AML, DLBCL, B-NHL
CRTC3 salivary gland mucoepidermoid
DUX4 soft tissue sarcoma
EBF1 lipoma
ELF4 AML
ELK4 prostate
ELKS papillary thyroid
EP300 various cancers
ERG AML, Ewing sarcoma, prostate
ETV1 Ewing sarcoma, prostate
ETV4 Ewing sarcoma, prostate
ETV5 prostate
ETV6 various cancers
EVI1 AML, CML
EWSR1 Ewing sarcoma, ALL
FEV Ewing sarcoma
FLI1 Ewing sarcoma
FOXL2 ovarian
FOXO1A alveolar rhabdomyosarcomas
FOXO3A AL
FOXP1 ALL
GATA1 megakaryoblastic leukemia
GATA2 AML
GATA3 breast
HLF ALL
HLXB9 AML
HMGA1 various cancers
HMGA2 various cancers
HOXA11 CML
HOXA13 AML
HOXA9 AML
HOXC11 AML
HOXC13 AML
HOXD11 AML
HOXD13 AML
HNF1 HCC
HRPT2 parathyroid adenoma
IKZF1 ALL

IRF4 MM
JAZF1 endometrial stromal tumors
JUN sarcoma
KLF6 prostate, glioma
LAF4 ALL
LMO1 T-ALL, neuroblastoma
LMO2 T-ALL
LPP lipoma, leukemia
LYL1 T-ALL
MAFB MM
MAML2 salivary gland
MDS1 MDS, AML
MDS2 MDS
MECT1 salivary gland
MHC2TA head-neck squamous cell, renal
MITF melanoma
MKL1 AML
MLF1 AML
MLLT1 ALL
MLLT10 ALL, colorectal
MLLT2 ALL, breast cancers
MLLT3 AML
MLLT4 AML
MLLT6 ALL
MLLT7 ALL
MYB adenoid cystic sarcoma
MYC various cancers
MYCL1 small cell lung
MYCN neuroblastoma
NCOA1 alveolar rhabdomyosarcoma
NCOA2 AML
NCOA4 papillary thyroid
NFIB lipoma, ACC
NFKB2 B-NHL
NKX2-1 NSCLC
NOTCH1 T-ALL
NOTCH2 DLBCL, marginal zone lymphoma
NR4F3 EMC
NRF2 NSCLC, HNSCC
OLIG2 T-ALL
PAX3 alveolar rhabdomyosarcoma
PAX5 NHL
PAX7 alveolar rhabdomyosarcoma
PAX8 follicular thyroid
PBX1 pre B-ALL
PHOX2B neuroblastoma
PLAG1 salivary adenoma
PMX1 AML1

POU2AF1  NHL
POU5F1 sarcoma
PPARG follicular thyroid
PRDM1 DLBCL
PRDM16 MDS, AML
RARA APL
RB1 various cancers
REL Hodgkin lymphoma
RUNX1 AML, pre B-ALL
RUNXBP2  AML
SMAD4 colorectal, pancreatic
SMARCA4 NSCLC
SMARCB1 malignant rhabdoid
SOX2 NSCLC, esophageal SCC
SS18 synovial sarcoma
SS18L1 synovial sarcoma
SSX1 synovial sarcoma
SSX2 synovial sarcoma
SSX4 synovial sarcoma
SUFU medullablastoma
SUZ2 endometrial stromal tumors
TAF15 ALL, EMC
TAL1 lymphoblastic leukemia
TAL2 T-ALL
TCEA1 salivary adenoma
TCF12 EMC
TCF3 pre B-ALL
TFE3 renal, alveolar soft sarcoma
TFEB renal (child epithelioid)
TFPT pre B-ALL
THRAP3 aneurysmal bone cysts
TIF1 APL
TLX1 T-ALL
TLX3 T-ALL
TP53 various cancers
TRIM27 papillary thyroid
TRIM33 papillary thyroid
TSHR toxic thyroid adenoma
WT1 Wilm tumor
ZNF145 APL
ZNF198 MPD, NHL
ZNF278 Ewing sarcoma
ZNF331 follicular thyroid adenoma
ZNF384 ALL
ZNF521 ALL
ZNF9 aneurysmal bone cysts
ZNFN1A1    \ALL, DLBCL



extracellular
factors

membrane 
receptors

transcriptional regulators

more cogent target?

intracellular
signaling 
proteins

cellular 
response



disordered when isolated
from binding partners

DNA-binding domains 
lack obvious pockets

transit to reach resident 
nuclear factors 

A complex task?
transcription factors are the prototype of an ‘undruggable’ target



Can we build general and 
systematic platforms for 

developing chemical probes 
for transcriptional regulators? 



Metastatic TumorsPre-Cancerous

Tumor Cell Stage

Transcription Profile

Can we tune dysregulated gene expression programs 
and impact cell state?



Profiling 100 diverse
transcription factors

commercially available
purified, His-tagged

145 InterPro domains
e.g. bZip, Znf_C2H2, Fbox, Ets, etc. 

>500 GO terms
e.g. nuclear, chromatin remodeling,

basal transcription, etc.

>100 KEGG pathways
e.g. Wnt signaling, chronic myeloid 

leukemia, circadian entrainment, etc.

Clemons et al., PNAS 107, 18787-18792, 2010



‘100 Transcription Factor’ SMM Screen

Clemons et al., PNAS 107, 18787-18792, 2010
Clemons et al., PNAS 108, 6817-6822, 2011

N
N N

N

NH2

H
N

OMe

BRD32048

Chemical inhibitor of ETV1
Pop et al., Mol Cancer Ther 13, 
1492-1502, 2014

Me

NMe
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HO

HO

DSHN

Chemical stabilizer of Small Heterodimer 
Partner Yang et al., Mol Cancer Ther, 15,
2294-2301, 2016

Diversity-Oriented Synthesis‘Drug-Like’ Natural Products

computational chemical biology HT-gene expression studies

characterize and optimize probes for individual TFs

compounds scoring as ‘hits’ against any of the 100 proteins



100 diverse
transcription factors

commercially available
purified, His-tagged

145 InterPro domains
e.g. bZip, Znf_C2H2, Fbox, Ets, etc. 

>500 GO terms
e.g. nuclear, chromatin remodeling,

basal transcription, etc.

>100 KEGG pathways
e.g. Wnt signaling, chronic myeloid 

leukemia, circadian entrainment, etc.

Clemons et al., PNAS 107, 18787-18792, 2010



MYC family of transcription factors
master regulators of broad cellular processes



c-Myc
accumulates in promoter regions and amplifies transcription when overexpressed in cancer

Lin et al., Cell, 151, 56-67 (2012); Nie et al, Cell 151, 68-79 (2012)



Hofmann et al., Cell, 160, 477-488 (2015) 

Article

Reduced Expression of MYC Increases Longevity
and Enhances Healthspan

Graphical Abstract

Highlights
d Reduction of Myc expression in mice promotes longevity

d Lower Myc levels benefit multiple organs and physiological

processes

d DecreasedMyc activity triggers changes in core nutrient and

energy-sensing pathways

d Lower Myc levels do not cause apparent changes in stress

management pathways
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SUMMARY

MYC is a highly pleiotropic transcription factor whose
deregulation promotes cancer. In contrast, we find
that Myc haploinsufficient (Myc+/–) mice exhibit
increased lifespan. They show resistance to several
age-associated pathologies, including osteoporosis,
cardiac fibrosis, and immunosenescence. They also
appear to be more active, with a higher metabolic
rate and healthier lipid metabolism. Transcriptomic
analysis reveals ageneexpressionsignatureenriched
for metabolic and immune processes. The ancestral
role of MYC as a regulator of ribosome biogenesis
is reflected in reduced protein translation, which is
inversely correlated with longevity. We also observe
changes in nutrient and energy sensing pathways,
including reduced serum IGF-1, increased AMPK ac-
tivity, and decreased AKT, TOR, and S6K activities.
In contrast to observations in other longevity models,
Myc+/– mice do not show improvements in stress
management pathways. Our findings indicate that
MYC activity has a significant impact on longevity
and multiple aspects of mammalian healthspan.

INTRODUCTION

Myc is a helix-loop-helix leucine zipper transcription factor that is
highly conserved among metazoans (Meyer and Penn, 2008). It
was discovered as the transforming oncogene of theMC29 avian
myelocytomatosis virus and subsequently as the cellular proto-
oncogene activated in Burkitt’s lymphoma. Increased expres-
sion of the MYC protein strongly promotes cell proliferation
and has been documented as a frequent event in a wide variety
of human cancers (Dang, 2012).

By interacting with partners such as MAX and ZBTB17 (MIZ1),
MYC can either activate or repress transcription (Meyer and
Penn, 2008). Much effort has been focused on understanding
how MYC influences signaling networks and it has emerged as
a major regulatory hub. In addition to its role in cancer, it is
also critically involved with many essential cellular processes,
and the mouse knockout is embryonic lethal. By conservative
estimates, 15%–20% of all genes are directly regulated
by MYC, including genes that play key roles in metabolism, ribo-
some biogenesis, cell cycle, apoptosis, differentiation, and stem
cell maintenance (Dang, 2012).
While age does not have a significant effect onMyc expression

in any mouse tissue examined (Zahn et al., 2007), many of the
biological processes regulated by MYC have also been impli-
cated in aging and age-associated diseases. MYC upregulates
major biosynthetic pathways leading to cellular growth and pro-
liferation and enhances energy production through glycolysis
and oxidative phosphorylation (Dang, 2012). In contrast, calorie
restriction (CR) and reduction of insulin/IGF-1 signaling promote
longevity (Gems and Partridge, 2013). MYC also increases
protein synthesis by positively regulating ribosome biogenesis
(Brown et al., 2008), while reducing translation can extend life-
span (Johnson et al., 2013).
MYC overexpression results in an increase in reactive oxygen

species (ROS) and DNA damage (Vafa et al., 2002), which are
believed to contribute to the progression of aging (Hoeijmakers,
2009). Stem cell populations decline in number and functionality
with normal aging (Cho et al., 2008; Jang et al., 2011), and
ectopic MYC expression depletes stem cell populations (Eilers
and Eisenman, 2008). MYC may also affect the inflammatory
state that accompanies aging, because it directly regulates
expression of some cytokines (Whitfield and Soucek, 2012)
and may influence the composition of the leukocyte population
via its roles in proliferation and stem cell maintenance (Eilers
and Eisenman, 2008; Wang et al., 2011a).
The overall trend suggested by this evidence is that increased

MYC activity promotes several processes that have been
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understood, varied between tissues: it was unaffected in Myc+/–

relative to Myc+/+ mice in heart, reduced in liver and spleen, and
increased in lung. F2-isoprostanes, products of lipid peroxida-
tion, are a sensitive and accurate biomarker of oxidative status.

As expected, we found that levels of F2-isoprostanes rose
with age, but the changes were the same in Myc+/+ and Myc+/–

animals (Figure 5I). Hence, Myc+/– animals do not seem to be
protected from age-associated increases in ROS, or from the
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Figure 4. Amelioration of Age-Associated Phenotypes
(A) Cardiac fibrosis was scored in ventricular cross sections using Masson’s trichrome stain. n = 11–14, 22–24 months, both sexes.

(B) Osteoporosis in females was assessed using micro-CT analysis. n = 3–7, 5 and 22 months.

(C) Trabecular spacing and number were scored by micro-CT, as above.

(D) Liver sections were stained with Oil Red O. n = 6, 5 and 24 months, males.

(E) Gene expression in liver wasmeasured by qRT-PCR. Intermediates in the cholesterol biosynthetic pathway are shown on the left and the corresponding genes

on the right. Data are normalized to Myc+/+ for each comparison. n = 4, 24 months, males.

(F) Total and nonesterified cholesterol in liver extracts and serum. Normalized to Myc+/+. n = 5–6, 24 months, males.

(G) Animals of average weight were chosen for rotarod tests, and their performance was corrected for their weight. n = 3–4, 24 months, males.

Error bars represent SEM.

See also Figure S4.
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MYC expression in haploinsufficient mice
amelioration of age-associated phenotypes



An obstinate therapeutic target

many protein-protein interactions
unstructured domains

no traditional binding pockets
large buried interface

Myc Myc/Max



Max as a target: heterodimer/homodimer dynamics

Max Myc

CACGTG

Max MadMaxMax

transcriptional 
activation

transcriptional 
repression

+ -
- -

-

growth 
stimuli

arrest & diff 
signals



SMM screens: purified Max transcription factor

117 assay positives

>45k compounds screened

synthetic compound collection natural products



Reporter gene assays: putative Max binders modulate 
Myc-driven transcription
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IC50 = 1.06 µM
MW = 610.73
cLogP = 5.15‘KI-MS2’



Cell viability assays: Are Myc or Max required?

P493-6 PC12

human B-cell
EBNA2

Tet07-TP c-Myc CMV

tTA

Alexander Pajic. Int. J. Cancer (2000). 

Myc

Control
0.1 μg/ml
Dox. 24 h

Doxycycline

IB: c-Myc

tTA

0

1×105
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R
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Cell proliferation in P493-6 cells

Control
0.2 % DMSO
0.1 µg/ml Dox

24 h           48 h            72 h

P493-6 Dox-repressible cells for MYC ‘on/off’ studies



Cell viability assays: Are Myc or Max required?

P493-6 PC12

human B-cell
EBNA2

Tet07-TP c-Myc CMV

tTA

Alexander Pajic. Int. J. Cancer (2000). 

Myc

Control
0.1 μg/ml
Dox. 24 h

Doxycycline

IB: c-Myc

tTA

0

1×105

2×105

3×105

4×105

R
LU

Cell proliferation in P493-6 cells

Control
0.2 % DMSO
0.1 µg/ml Dox

24 h           48 h            72 h

Max-deficient PC12 pheochromocytoma cells

P493-6 Dox-repressible cells for MYC ‘on/off’ studies



Conditional cellular models of MYC expression

Anja Deutzmann, Felsher Lab Stanford

By using DESI-MSI, we found a previously unidentified lipid
signature characteristic of MYC-induced RCC. The majority of
the molecular ions were identified by tandem and high-resolu-
tion mass spectrometry as free fatty acids and complex glycero-
phospholipids. Interestingly, many of the glycerophospholipids
found in higher relative abundance in MYC-induced RCC were
ones previously observed in MYC-induced HCC and lymphomas.
Furthermore, to investigate the relationship between MYC and

glutamine metabolism, we used DESI-MSI to image the distribution
of specific metabolites of the glutaminolytic pathway. To confirm
our results, we measured the abundance of different genes in the
glutamine pathway to show that MYC-induced RCC expressed
glutamine pathway genes. Furthermore, these tumors were highly
addicted to glutamine. To evaluate whether these pathways have
therapeutic value, we performed pharmacological inhibition of
glutaminase, which converts glutamine to glutamate for its further
oxidation through the TCA cycle. The inhibition of glutaminase by
bis-2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide (BPTES)
(27) slowed RCC tumor progression, suggesting that targeting the
glutaminolytic pathway is a potential therapeutic approach to treat
human RCC (24, 25).

Results
MYC, Not RAS, Initiated RCC. There are no autochthonous mouse
models of RCC. Based on prior reports suggesting a role for
MYC in the pathogenesis of RCC (4–6), we used the Tet system
to regulate the expression of the Tet-O-MYC (7) or Tet-O-K-
RAS (kindly provided by H. Varmus, NIH, Bethesda, MD). The
expression of the oncogene was driven by the kidney-specific
γ-glutamyl transferase gene promoter (GGT) (28) coupled to the
tetracycline transactivating gene (tTA) (Fig. 1A). Transgenic
mice conditionally expressed MYC or RAS in the proximal
convoluted tubule cells of the kidney when doxycycline (Dox)
was removed from the drinking water; the conditional expression
was confirmed by immunohistochemistry (IHC) for MYC or
Western blot analysis for mutant K-RAS (Fig. 1B and Fig. S1A,
respectively). Induction of MYC, but not K-RAS, expression
increased kidney size (Fig. 1C), which was associated histologi-
cally with rapidly progressing RCC (Fig. 1D). Hence, MYC, but
not K-RAS, can initiate renal cell tumorigenesis.

MYC-induced tumors were evaluated for makers of RCC by
IHC. Tumors expressed PAX8, a marker for kidney cancers (29,
30) (Fig. S2, panel 1), as well as E-cadherin (Fig. S2, panel 2),
which indicated an epithelial origin. The tumors stained positive
for CK5/6 and CK7 (Fig. S2, panels 3 and 4) but not for CK20 (Fig.
S2, panel 5), indicating that the subtype was of the collecting-duct
carcinoma (30). Evaluation by two pathologists concurred that the
profile of kidney tumor markers was consistent with RCC origi-
nating from the collecting duct, a rare subtype of lethal RCC (31).
Despite the rarity of this type of renal cancer, this transgenic mouse
provides a unique means to study a highly aggressive form RCC in
vivo and is a tool to discover new therapeutic options.

MYC-Induced RCC Was Reversible. The MYC-driven tumors were
reversible upon oncogene suppression with Dox treatment (Fig.
1E). The reversal was confirmed by looking for changes in pro-
liferation, apoptosis, senescence, and angiogenesis (7–9, 12–14).
The MYC inactivation was associated with complete regression
of RCC that could be quantitatively demonstrated by serial weekly
MRI imaging as well as by histological examination of hematoxylin
and eosin (H&E)-stained tissue sections (Fig. 1E and Fig. S3 A and
B). MYC protein expression was completely suppressed by 2 d after
Dox treatment (Fig. S3C, row 1), associated with an eightfold de-
crease in proliferation as measured by antigen Ki-67 staining (Fig.
S3C; 54% versus 6.5%, P < 0.0001). Notably, apoptosis did not
change significantly as measured by cleaved caspase 3 (CC3) (Fig.
S3C, row 3; 63% at 2 d and 38% at 10 d of MYC inactivation).
Cellular senescence exhibited a small decrease at 2 and 5 d, with a
much more significant increase 10 d after MYC inactivation (0.7%,
2.3%; P < 0.0001), as measured by acidic β-galactosidase staining
(SA-β-Gal). However, angiogenesis did not change as measured by
CD31 staining (Fig. S4). Thus, it appeared that the RCC tumors
regressed because of a marked and rapid inhibition of proliferation
accompanied by the persistence of apoptosis (32).

MYC-Induced RCC Exhibited a Distinct Lipid Signature. To investigate
the lipid changes in MYC-induced RCC, DESI-MSI analysis was
performed in kidney tissue 2 and 4 wk after MYC activation
(MYC ON), and then followed by 4 wk of MYC inactivation
(MYC OFF). Our analysis was performed in the negative-ion
mode in them/z 200–1,000 range, in which a broad variety of free

Fig. 1. MYC but not RAS initiates renal tumorigenesis. (A) Transgenic mice with the γ-glutamyl transferase (GGT) promoter driving the tetracycline trans-
activator protein (tTA) and MYC under the control of the tetracycline-responsive element generates MYC-GGT-tTA mice. (B) Kaplan–Meier overall survival
analysis of mice with MYC (n = 27) or K-RAS (n = 7) transgene. ON indicates activated oncogenes, and OFF indicates oncogene was never activated. (C) Gross
anatomy of a MYC-GGT-tTA kidney after 4 wk of MYC activation compared with control where MYC remain inactivated. (D) Weekly serial H&E and MYC IHC
of kidney sections following MYC activation. (E) Representative IHC and immunofluorescence images showing protein expression and histological changes
upon MYC activation and inactivation for 10 d. For all quantification, n = 3 mice were examined at each time point.
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Imaging of biomarkers: conditional vs. chemical modulation
modulating Myc in an engineered osteosarcoma model

Anja Deutzmann, Felsher Lab Stanford
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Western blots: KI-MS2-008 alters Myc protein levels

rescue experiment with 
10 µM proteasome inhibitor

MG132

(10 µM)



Myc protein stability is regulated by the 
ubiquitin-proteasome system

Farrell & Sears, Cold Spring Harb Perspect Med, 4 (2014)
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Gene expression profiling: KI-MS2-008 mimics MYC inactivation
Gene Set Enrichment Analysis reveals an enrichment of Myc target genes
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T-ALL osteosarcoma
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In vivo studies: KI-MS2-008 modulates tumor volume in 
Myc-dependent mouse models of cancer

Anja Deutzmann, Felsher Lab Stanford
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Current directions

optimize potency and solubility, PK/PD-guided medicinal chemistry

structural biology additional tumor models
same tumor models + new readouts



stabilizing repressive states vs. inhibiting activating states?

stabilizing vs. inhibiting PPIs?



Our path to finding ligands - lectures

2/5/20 Lecture 1 Intro to chemical biology: small molecules, probes, and screens

2/11/20 Lecture 2 Our protein target: TDP-43

2/13/20      Lecture 3 Small molecule microarrays

2/18/20 No Lecture

2/20/20 Lecture 4 Quantitative evaluation of protein-ligand interactions

2/25/20 Lecture 5 A ligand discovery vignette: sonic hedgehog

2/27/20 Lecture 6 Engineering transcriptional responses with a small molecule

3/3/20 Lecture 7 Wrap up discussion: suggestions for how to report your findings


