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From Lecture 1 (again): Therapeutically-driven probe discovery
assess tractability of emerging target candidates 

cell lines and patient samples 
reveal list of disease genes

test impact of disease
genes in a physiologic settings

glioblastoma multiforme

acute myeloid leukemia
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chemical probe

discover molecules that reverse 
impact of disease genes



The Cancer Dependency Map
interrogation of viability effects in cancer cell lines to map genetic dependencies

patient models (cell lines/organoids) 
representing many tumors

molecular and 
genetic information

genetic dependencies and 
drug sensitivities
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Maximal differential dependency

targets

map of cancer 
dependencies

Discovery of potential TARGETS for therapeutic discovery

Discovery of PREDICTORS of patient response

Pre-publication DATA RELEASES to enable the scientific community at depmap.org 

 As of 4/21/22:
>2,000 cancer models        3913 genetic dependency screens       33 drug panels in sensitivity screens  

Tsherniak et al., Cell, 170 (3): 564-576 (2017)
McDonald et al., Cell, 170 (3): 577-592 (2017)
Vazquez & Boehm, Mol Sys Bio, 16 (7): e9757 (2020)
Dharia et al., Nat Genet, 53 (4): 529-538 (2021)



example query: multiple myeloma
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example query: IRF4



***

Henley & Koehler, Nature Rev Drug Disc, 20: 669-688 (2021)

36 out of the top 80 dependencies are TFs

https://depmap.org/portal/depmap/



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 or reprogram dysregulated gene 
expression programs and impact cell state?
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MYC family of transcription factors
‘master regulators’ of broad cellular processes



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)



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

'silver bullet’ drug

MYC
accumulates in promoter regions and amplifies transcription when overexpressed in cancer



Cancers dysregulate MYC by increasing its expression

in typical cells, steady state 
MYC levels regulate general 

housekeeping functions

MYC can be transiently 
upregulated in typical cells 
(e.g. during wound healing)

tumor cells need persistently 
upregulated MYC at super 
physiologic levels to drive 
tumor-specific oncogenes

Adapted from Wolf et al., Trends Cell Biol, 25, 241-248 (2015) 



Adapted from Llombart and Mansour, eBioMedicine, 75 (2022) 

sustaining 
proliferative signals

evading growth 
suppression

avoiding immune 
destruction

deregulating
cellular energetics 

escaping
programmed

cell death

genome instability 
and mutation

inducing angiogenesis

enabling replicative
immortality

tumor promoting 
inflammation

invasion and metastasis

Oncogenic levels of MYC regulate all hallmarks of cancer



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



MYC is an obstinate therapeutic target 

many protein-protein interactions
unstructured domains

no traditional binding pockets
large buried interface

Myc Myc/Max



Adapted from Diolaiti, McFerrin, Carroll, Eisenmann, Biochimica et Biophysica Acta 1849, 484-500 (2015)

E-Box

profiles during development [18,19]. In contrast with MYC family
members, Max is an abundant and stable protein, expressed in both
proliferating and in resting cells, regardless of MYC levels [20]. These
properties of MAX, together with its ability to bind DNA and repress
transcription as a homodimer, led to the first model in which gene
expression of MYC targets was controlled by the shift between repres-
sive MAX-MAX homodimers and activating MYC-MAX heterodimers
[21–24].

1.1.2. MXD proteins: MYC antagonists
Because MAX was found to be present under conditions in which

MYC proteins are not expressed, and because MAX homodimerizes
poorly, if at all, in vivo [25] it was considered that MAX may bind to
other bHLHLZ containing proteins. Indeed, two MAX interacting
proteins MXD1 and MXD2 (formerly known as MAD1 and MXI1)
were soon identified [26,27]. MXD1 and MXD2 are structurally similar,
sharing 43% of their overall protein sequence, and are evolutionarily
related. Moreover, with the exception of the bHLHLZ domain, which
mediates their specific interaction with MAX, they are distinct from
MYC. In vitro DNA binding and protein interaction assays confirmed
that both MXD1 and MXD2 are unable to homodimerize, yet efficiently
compete with MYC for heterodimerization with MAX. More important-
ly, bothMXD1-MAX andMXD2-MAX heterodimers recognize the same
E-box containing DNA consensus sequence as MYC-MAX heterodimers,
but function as transcriptional repressors (MXD1-MAX) [26] or are
unable to activate transcription (MXD2-MAX) [27]. The discovery of
MXD1 and MXD2 added a new level of complexity to the earlier
model by showing that MAX acts to mediate the activity of both
MYC and MXD proteins which appeared to antagonize each other. In
addition, the data suggested that it is the relative abundance and regu-
lation of MYC and MXD proteins that define the transcriptional and bi-
ological outcome of network activity [26].

Shortly after the discovery of MXD1 and MXD2, four additional
MXD-like proteins members were added to the network (MXD3,
MXD4, MNT and MGA) [28–30]. While MXD3 and MXD4 are highly
homologous with the previously identified MXD1 and MXD2 proteins,
MNT and MGA differ significantly. However, apart from MGA, which

contains an additional T-box domain and can both activate and repress
transcription, the similar functional properties of MXD1-4 and MNT
proteins (as all included in the MXD family proteins), which act as
transcriptional repressors, further strengthen the model in which
MXD proteins antagonize MYC in regulating many aspects of cell
biology.

1.1.3. The MLX module: the metabolite sensing arm of the network
The existence of a parallel networkwhich resembles theMYC/MAX/

MXD transcriptional network was proposed after the discovery of a
MAX-like protein called MLX. Two research groups independently
identified MLX as the binding partner of MXD1, MLX4, and MNT pro-
teins, and showed that MXD/MLX complexes mediate transcriptional
repression of E-box containing promoters [31,32]. Subsequently two
large bHLHZ proteins were found to heterodimerize with MLX and
regulate transcription by binding to E-box containing promoters [33,
34]. MONDOA was identified as an MLX heterodimeric partner by
a two hybrid screen, while MONDOB was identified by sequence
homology analysis. MONDOB, which had previously been identified
as CHREBP (Carbohydrate Response Element Binding Protein) was
also known as the WBSCR14 gene, since it maps to chromosome
7q11.23, a region usually deleted in Williams-Beuren Syndrome
(WBS) [33]. CHREBP was subsequently confirmed to be an MLX
interacting protein [34]. In contrast with the nuclear localized MYC,
MAX and MXD proteins, MLX and MONDO proteins localize principally
in the cytoplasm and can shuttle between the two compartments in
response to glucose and other metabolic stimuli [35–38]. Because
most of the literature refers to MONDOB as CHREBP, we will also refer
to it as CHREBP in this review.

1.2. Evolutionary conservation of the MAX/MLX network

Underscoring the fundamental importance of the MAX/MLX tran-
scriptional network in regulating cell biology is the fact that it has
been conserved throughout evolution. Orthologs of human MAX MYC,
MXD, MLX, and MONDO genes have been identified in the Placazoan
Trichoplax adhaerens, considered the simplestmetazoan [39]. Moreover,

Fig. 1.Diagramof theMAX/MLX network. All members of theMAX/MLX network and their reciprocal heterodimerization partners (indicated by the two-headed arrows) are represented.
Green arrows and red lines indicate transcriptional activation and repression respectively. E-Box, Enhancer-box; ChoRE, Carbohydrate response element.
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1.1.3. The MLX module: the metabolite sensing arm of the network
The existence of a parallel networkwhich resembles theMYC/MAX/

MXD transcriptional network was proposed after the discovery of a
MAX-like protein called MLX. Two research groups independently
identified MLX as the binding partner of MXD1, MLX4, and MNT pro-
teins, and showed that MXD/MLX complexes mediate transcriptional
repression of E-box containing promoters [31,32]. Subsequently two
large bHLHZ proteins were found to heterodimerize with MLX and
regulate transcription by binding to E-box containing promoters [33,
34]. MONDOA was identified as an MLX heterodimeric partner by
a two hybrid screen, while MONDOB was identified by sequence
homology analysis. MONDOB, which had previously been identified
as CHREBP (Carbohydrate Response Element Binding Protein) was
also known as the WBSCR14 gene, since it maps to chromosome
7q11.23, a region usually deleted in Williams-Beuren Syndrome
(WBS) [33]. CHREBP was subsequently confirmed to be an MLX
interacting protein [34]. In contrast with the nuclear localized MYC,
MAX and MXD proteins, MLX and MONDO proteins localize principally
in the cytoplasm and can shuttle between the two compartments in
response to glucose and other metabolic stimuli [35–38]. Because
most of the literature refers to MONDOB as CHREBP, we will also refer
to it as CHREBP in this review.

1.2. Evolutionary conservation of the MAX/MLX network

Underscoring the fundamental importance of the MAX/MLX tran-
scriptional network in regulating cell biology is the fact that it has
been conserved throughout evolution. Orthologs of human MAX MYC,
MXD, MLX, and MONDO genes have been identified in the Placazoan
Trichoplax adhaerens, considered the simplestmetazoan [39]. Moreover,

Fig. 1.Diagramof theMAX/MLX network. All members of theMAX/MLX network and their reciprocal heterodimerization partners (indicated by the two-headed arrows) are represented.
Green arrows and red lines indicate transcriptional activation and repression respectively. E-Box, Enhancer-box; ChoRE, Carbohydrate response element.
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MAX as a target: alter heterodimer/homodimer dynamics

Diolaiti, McFerrin, Carroll, Eisenmann, Biochimica et Biophysica Acta 1849, 484-500 (2015)
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MAX: Myc-Associated factor X

crystal structure with Myc
basic helix loop helix leucine zipper

bHLH-LZ 

splice variants
AlphaFold (predicted)



MAX: Myc-Associated factor X

Cellular localization:  primarily nuclear

Tissue specificity:  high levels in brain, heart, lung
    low levels in liver, kidney, skeletal muscle

Post-translational mod: acetylation (localization)
    phosphorylation (stability)

Diseases:   mutated in pheochromocytoma
    mutated in small cell lung cancers

    potential tumor suppressor role in ‘neuroendocrine’ 
    tumors, which are tumors that form from cells that
    release hormones into the blood in response to signals  
    from the nervous system



SMM screens: purified Max transcription factor

117 assay positives

>45k compounds screened

synthetic compound collection natural products
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Reporter gene assays: putative Max binders modulate 
Myc-driven transcription
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Cell viability assays: Are Myc or Max required?
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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.

2 of 6 | www.pnas.org/cgi/doi/10.1073/pnas.1507228112 Shroff et al.
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Imaging of biomarkers: conditional vs. chemical modulation
modulating Myc in an engineered osteosarcoma model

Anja Deutzmann, Felsher Lab Stanford

‘MYC OFF marker’
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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)

Bye 
Bye, 

MYC!!



Proteomics by mass spec: KI-MS2-008 decreases MYC
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CHIP-Seq or CHromatin ImmunoPrecipitation coupled to Sequencing
is a protein bound to a piece of DNA or not?



CHIP-Seq 
KI-MS2-008 perturbs binding of Myc and Max at promoters of MYC-occupied genes

A

NR1D1 gene tracks

heatmaps of H3K27ac , c-Myc and Max levels at transcription start site regions - 0, 4, and 24 hr of 1 µM KI-MS2-008 treatment 

A AA AA

Lin Lab

Struntz et al., Cell Chem Biol, 26, 711-723 (2019) 



T-ALL osteosarcoma

T-ALL osteosarcoma

T-cell acute 
lymphoblastic
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blood cancer
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solid tumor

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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subcutaneous administration

5d on/2d off cycles
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Preliminary CRISPR/MYC reporter pharmacogenomic screening
ligases emerge as hits from genome-wide resistance screen

Jonathan Tsai, Quinn Sievers, Ben Ebert
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For future drug hunters – Lipinski’s Rule of 5

1997 - is a rule of thumb to evaluate ’drug-likeness’ or determine if a chemical compound 
with a certain pharmacological or biological activity has chemical properties and physical 
properties that would make it a likely orally active drug in humans (Chris Lipinski, Pfizer)
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properties that would make it a likely orally active drug in humans (Chris Lipinski, Pfizer)

O
O

O
S

O

N
N

MW = 536.65
ClogP = 6.38
H-bond donor = 0
H-bond acceptor = 4



Can we screen MAX against a new chemical 
library and find compounds with better 

physicochemical properties?

Can we find MAX binders with different 
modes of action? 



Upcoming Lectures

2/8/24   Lecture 1 Intro to chemical biology: small molecules, probes, and screens

2/13/24   No Lecture Snow Day

2/15/24     Lecture 2 Small Molecule Microarrays

2/20/24      No Lecture

2/22/24   Lecture 3 Our protein target – MAX

2/27/24   Lecture 4 Quantitative evaluation of protein-ligand interactions

2/29/24   Lecture 5 KB-0742: A Phase 2 clinical candidate discovered by SMMs

3/5/23   Lecture 6 Wrap up discussion for Mod 1 experiments and report


