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ABSTRACT: Prior to genetic mapping, the majority of drug discovery efforts involved phenotypic screening, wherein compounds
were screened in either in vitro or in vivo models thought to mimic the disease state of interest. While never completely abandoning
phenotypic approaches, the labor intensive nature of such tests encouraged the pharmaceutical industry to move away from them in
favor of target-based drug discovery, which facilitated throughput and allowed for the efficient screening of large numbers of
compounds. However, a consequence of reliance on target-based screening was an increased number of failures in clinical trials due
to poor correlation between novel mechanistic targets and the actual disease state. As a result, the field has seen a recent resurrection
in phenotypic drug discovery approaches. In this work, we highlight some recent phenotypic projects from our industrial past and in
our current academic drug discovery environment that have provided encouraging results.
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Ever since Paul Ehrlich’s side chain theory heralded the
birth of the field of medicinal chemistry in 1901,1,2 drug

discovery has followed two general strategies: phenotypic and
target-based. Prior to the advancements in genomics and
molecular biology realized in the last two decades of the 20th
century, almost all drug discovery involved testing compounds
against some living system to determine their effects on a
phenotype thought to be associated with the disease state of
interest. But such efforts were relatively low throughput and
labor intensive, and in the 1980s, the pharmaceutical industry
began to abandon phenotypic screening in favor of a more
efficient, higher throughput method, namely, the use of
biochemical molecular target-based screening. Target-based
screening became even more appealing at the end of the 20th
century when advances made it possible to screen compounds
in miniature assays run in multiwell plates, with the laborious
tasks performed by robots. Such high-throughput screening
methodology now made it possible to obtain pharmacological
data on thousands of compounds in a relatively short period of
time. The advantages of target-based screening included
simplicity, lower cost compared to phenotypic screening, and
the ease with which structure−activity relationship (SAR)

information could be generated,3 and Pharma embraced this
efficiency.
By 2005, the results of the Human Genome Project (HGP)

suggested that there could be over 3000 druggable proteins,
only a small fraction of which had been exploited by drug
discovery efforts.4,5 This realization sparked drug discovery
research on a multitude of novel mechanistic targets, the
majority of which was driven by target-based approaches. Yet a
decade later, it had become clear that relatively few novel
therapies had been identified as a result of the HGP and the
target-based discovery approaches derived from the informa-
tion that the HGP had provided.6,7 Two influential papers by
Swinney and Anthony in 2011 and Swinney in 2013 provided
clear analyses that showed that the majority of first-in-class
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drugs identified from 1999 to 2008 had come from phenotypic
drug discovery approaches.8,9

That being said, the pharmaceutical industry never
completely abandoned phenotypic drug discovery. Much of
the successful antibiotic drug discovery to date started from a
phenotypic approach such as inhibition of bacterial growth in
culture or functional inhibition of cell wall synthesis (without
knowing the actual mechanistic target). Some oncology
research has involved screening compounds phenotypically
(e.g., cytostatic/cytotoxic effects on cancer cells in culture),10

as has CNS drug discovery, which often relies on in vivo
behavioral assays11 to the point that efforts have been made to
build upon early strategies involving fruit flies and develop high
throughput platforms for phenotypic in vivo CNS drug
discovery using zebrafish and planarians.12 However, the
application of new technologies such as artificial intelligence,
inducible stem cells, patient-derived cells, and tissue modeling
has changed perception and rekindled interest in phenotypic
approaches.11,13−16 The complexity that was once thought to
be a disadvantage to drug discovery is becoming a stimulus for
tackling challenging therapeutic targets of high unmet medical
need.
Wyeth Research (the company that the authors worked for

prior to its acquisition by Pfizer in 2009) developed and
marketed a number of drugs that were discovered using
phenotypic approaches. Perhaps the earliest example of this
comes from its over-the-counter portfolio. While working at
the Institutum Divi Thomae,17 George Sperti developed an
ointment (later called Sperti ointment) that promoted wound
healing and healthy cell growth, although the actual efficacy of
the ointment has been debated for several decades.18,19 The
primary ingredients of the ointment were live yeast cell
derivative (LYCD, later referred to as “biodynes”) and shark
liver oil. Rights to the ointment were acquired in 1935 by
American Home Products20 (which later renamed itself to
become Wyeth Research), and the ointment was repositioned
for the treatment of hemorrhoids under the now famous name
“Preparation H”. To this day, the exact mechanism(s) of action
for LYCD is poorly understood at best,21 and the live yeast
component of Preparation H has since been replaced with
drugs of known mechanism (e.g., phenylephrine), but the
ointment serves to remind researchers that there was a time
when all drug discovery was done phenotypically.

A second example is the block buster antidepressant drug
venlafaxine (Effexor). Venlafaxine was identified as an
antidepressant via screening in three in vivo animal models
of depression.22 The structural origin of venlafaxine came out
of a desire to eliminate the chiral complexity of ciramidol, an
opiate-based analgesic agent identified several years earlier
(Figure 1).23 Structural modifications that eliminated two of
the three chiral centers of ciramidol resulted in a chemical
scaffold that resembled that of gamfexine,24 a compound
known to have antidepressant activity. Venlafaxine’s anti-
depressant activity was identified through in vivo screening. Its
mechanisms of action (inhibition of serotonin and norepi-
nephrine reuptake) were defined retrospectively after the
antidepressant activity had been discovered. Venlafaxine (FDA
approval date 199325) was a first-in-class serotonin−
norepinephrine reuptake inhibitor (SNRI) that was developed
and marketed as the racemic mixture. Its favorable
antidepressant profile in a broad range of patients (including
patients refractory to other antidepressant agents) prompted
the later discovery of other SNRIs (Figure 2) such as
desvenlafaxine (Pristiq, FDA approval date 200826), duloxetine
(Cymbalta, FDA approval date 200427), milnacipran (Savilla,
FDA approval date 200928), and levomilnacipran (Fetzima,
FDA approval date 201329).
A prime example from Wyeth’s drug development history of

a productive phenotypic screening campaign is their macro-
cyclic immunophilins (Figure 3) and the first-in-class macro-
lide immunosuppressant agent rapamycin (sirolimus, Rapa-
mune). Rapamycin was discovered in soil samples taken from
Easter Island (Rapa Nui) as a product produced by the
bacteria Streptomyces hygroscopicus.30 Its original antifungal
activity was identified through phenotypic screening against
samples of fungus in culture. Rapamycin’s development as an
antifungal drug was later abandoned in favor of its potent
immunosuppressant activity, again discovered phenotypically
in vivo.31 It was not until 199132 that the actual mechanistic
target for the immunosuppressant activity of rapamycin was
discovered, which turned out to be a pair of previously
uncharacterized proteins dubbed mTORs (mammalian targets
of rapamycin). This discovery was cemented when the crystal
structure of the ternary complex of rapamycin, mTOR
(referred to as FRAP at the time), and FKBP12 was solved
and published in 1996 (Figure 4).33 However, the impact of

Figure 1. Structural evolution of venlafaxine (Effexor).

Figure 2. Marketed serotonin−norepinephrine reuptake inhibitor antidepressants that followed venlafaxine.
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phenotypic screening within this chemical scaffold did not stop
there. Results from the National Cancer Institute’s NCI60
cancer panel had demonstrated that rapamycin demonstrated
cytostatic activity in a number of tumor cell lines.34 While
rapamycin was never developed as an anticancer drug, that
phenotypic discovery ultimately led to the development and
marketing of other structurally similar macrolides (Figure 3),
such as Wyeth’s temsirolimus (Torisel) and Novartis’ ever-
olimus (Zortress, Afinitor). And a campaign to eliminate the
immunosuppressive activity (assessed phenotypically on CD4+

T cells in culture) led to the discovery of ILS-920, a
neuroprotectant and neuroregenerative agent identified
through screening in rat cortical neurons.35 The mechanistic
targets for these activities were later discovered to be FKBP52
and L-type calcium channels.35

Wyeth, of course, was not the only company who continued
to embrace phenotypic drug discovery approaches. Notable
examples (Figure 5) cited by the 2011 Swinney and Anthony
paper8 include Otsuka/BristolMyers Squibb’s aripiprazole
(Abilify), AstraZeneca’s fulvestrant (Faslodex), Forrest Labo-
ratories’ memantine (Namenda), and Merck’s vorinostat
(Zolinza). Following the realization made clear by the Swinney
papers8,9 and others that followed,10,16,36−38 there has been

something of a resurrection of phenotypic drug discovery in
the industrial setting. A resurgence in interest in phenotypic
approaches is being seen in the area of neurodegenerative
disease drug discovery following decades of disappointing
clinical results with drugs derived from target-based
approaches for Alzheimer’s disease.39 And there have been
success stories for projects pursued through phenotypic
screening. For example, the beneficial impact of proprotein
convertase subtilisin/kexin type 9 (PCSK9) inhibitory anti-
bodies on treating hypercholesterolemia spurred significant
interest in small molecule inhibitors.40 Despite the availability
of X-ray crystal structures of both PCSK9 itself and the
interaction of PCSK9 with the low density lipoprotein receptor
(LDLR), the one small molecule to advance to Phase II clinical
trials to date is Pfizer’s PF-06815345 (Figure 5),41 which was
derived from optimization of R-IMPP, a small molecule
antisecretagogue that was found to inhibit the translation of
PCSK9 protein via a high-throughput phenotypic screen.42

Phenotypic screening of various chemical scaffolds resulted in
the identification of Sirturo (bedaquiline), the first new
antituberculosis drug approved in over 40 years (Figure 5).43

Examination of a compound originally prepared as a synthetic
intermediate in a series of in vivo epilepsy models ultimately
led to the discovery of topiramate (Topamax, Figure 5), an
antiepileptic agent and neurostabilizer that was later found to
possess a complex collection of antiseizure and antimigrane
mechanisms.16,44 However, despite the potential for greater
translational accuracy to the disease state, phenotypic drug
discovery is not without its challenges and disappointments, as
discussed in a recent perspective by Haasen et al.45 For
example, Trophos’s olesoxime (TRO19622, Figure 5) was
discovered via a phenotypic screen measuring neuronal
survival. The company and compound were acquired by
Roche in 2015. However, clinical trials for the compound in
Alzheimer’s disease and spinal muscular atrophy have
produced disappointing results to date.46

We and others have published numerous comparative
perspectives on drug discovery in the academic versus the
industrial setting.47−52 One aspect of academic drug discovery
that some perceive as an advantage is the ability to more
readily embrace higher risk projects and approaches (as long as
funding can be identified to support them). One of the higher
risk approaches that some academic drug discovery groups
have incorporated into their research is phenotypic screening,
especially for diseases that have few or no options for
treatment.53 Since establishing the Moulder Center for Drug
Discovery Research within Temple University School of
Pharmacy in 2009, the research team has incorporated

Figure 3. Structures of macrocyclic immunophilins.

Figure 4.Model of the tertiary complex between FKBP12, mTOR, and rapamycin. The complex structure (rapamycin and mTOR taken from PDB
4DRJ; FKBP12 taken from PDB 1C9H) was prepared with Protein Preparation Wizard (Schrodinger, New York, NY) to add missing hydrogen
atoms, side chains, and loops, correct bond orders, and remove water molecules beyond 5 Å of the ligand.
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phenotypic screening approaches into its drug discovery
strategy in order to pursue new drugs for diseases that have
little or no options for treatment. Below we describe three
phenotypic screening-based projects that have resulted in
intriguing results that are currently being positioned for
possible development.
Addiction to cocaine remains an unmet medical need for

which there is no FDA-approved treatment. While many
cocaine users are able to sustain periods of abstinence from
cocaine use, the majority of them eventually relapse when
exposed to cocaine-usage associated cues, stress, or using the
drug again.54−56 In 2005, Rothstein and co-workers used a
phenotypic screen to examine a library of 1040 FDA-approved
drugs and nutritional supplements to identify compounds that
could enhance the expression of the glutamate transporter
GLT-1 (EAAT2) as part of program looking for neuro-
protective agents.57 Active hits included a number of β-lactam
antibiotics, the most potent of which was ceftriaxone (Figure
6). It was later discovered that ceftriaxone, by virtue of its
ability to enhance GLT-1 expression, was able to attenuate the
reinstatement of cocaine seeking that is primed by either cues
or cocaine administration.58,59 However, there are limitations
associated with using ceftriaxone subchronically as a drug for

preventing cocaine relapse, including its lack of oral
bioavailability, its poor CNS penetration (1−2%),60 and the
risk for developing bacterial resistance. To overcome these
issues we embarked on a phenotypically driven SAR campaign
to identify β-lactam analogs that retained the ability to enhance
expression of GLT-1 while eliminating antibiotic activity and
increasing oral and CNS bioavailability (Figure 6). Removing
the side chains of ceftriaxone eliminated both antibiotic activity
and GLT-1 enhancing effects. Eliminating the carboxylic acid
group and the 6-membered ring (while retaining the β-lactam
moiety) led to our lead molecule MC-100093. These structural
modifications resulted in a molecule that possesses oral and
CNS bioavailability and enhanced GLT-1 expression potency
compared to ceftriaxone. The detailed profile of MC-100093
will be presented in a forthcoming publication (Knackstedt,
Rothstein, Abou-Gharbia et al., submitted). While the exact
mechanistic target of β-lactam-based GLT-1 enhancers like
ceftriaxone and MC-100093 has yet to be identified, some
insight is available from studies using ceftriaxone. Ceftriaxone
has been shown to stimulate GLT-1 mRNA and protein
expression in several cellular and animal models.61,62 At least
part of this effect is thought to occur via the interaction of NF-
κB with the GLT-1 promoter region.63 However, other

Figure 5. Marketed drugs and advanced clinical candidates discovered through phenotypic drug discovery.

Figure 6. SAR studies driven by phenotypic screening identified MC-100093, an orally bioavailable β-lactam-based glutamate uptake enhancer with
no antibiotic activity.

ACS Medicinal Chemistry Letters pubs.acs.org/acsmedchemlett Innovations

https://dx.doi.org/10.1021/acsmedchemlett.0c00006
ACS Med. Chem. Lett. 2020, 11, 1820−1828

1823

https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmedchemlett.0c00006?fig=fig6&ref=pdf
pubs.acs.org/acsmedchemlett?ref=pdf
https://dx.doi.org/10.1021/acsmedchemlett.0c00006?ref=pdf


biochemical pathways such as Akt,64 GPR30,65 and perhaps
even brain region-specific epigenetic mechanisms66 may also
be involved in the GLT-1 enhancing effects of ceftriaxone.
Detailed safety studies have not been performed with MC-
100093, but ceftriaxone was shown to be safe when given at
high doses in Phase III clinical trials examining its efficacy in
Amyotropic Lateral Sclerosis.67 In addition to its efficacy in
cocaine reinstatement, preliminary studies have also demon-
strated that MC-100093 reverses neurodegenerative phenotype
in an animal model of cerebral palsy.68,69 Interestingly, we were
also able to retain some of the antibiotic activity while
eliminating the GLT-1 enhancing effects of the ceftriaxone
scaffold in the absence of the β-lactam group by manipulating
the thiazole substituent.70

The use of patient derived cells in phenotypic assays has
great potential to discover new, breakthrough therapeutics and
offers an alternative to target based strategies, which have failed
to deliver effective treatments.71,72 We recently employed a
high throughput phenotypic screen to identify a new series of
small molecules that reverse disease phenotype in Gaucher
patient-derived fibroblasts.73 Gaucher disease is an autosomal
recessive disorder that results from mutations in the GBA1
gene encoding the lysosomal enzyme β-glucocerebrosidase
(Gcase). Gcase deficiency or loss of Gcase activity results in
accumulation of its substrates glucosylceramide and glucosyl-
sphingosine, which in turn leads to lysosomal dysfunction and,
ultimately, cell death. Clinically, Gaucher disease is divided
into three types. Type 1 is restricted to the periphery, while
Types 2 and 3 have CNS involvement. Type 2 Gaucher disease
is the most severe. Patients with Type 2 Gaucher disease suffer
rapid and progressive neurodegeneration during the first years
of life. Some success has been achieved in treating Type 1
Gaucher disease through enzyme replacement therapy with
recombinant Gcase (Cerezyme, imiglucarase) and substrate
reduction therapy using small molecule inhibitors of the
upstream enzyme glucosylceramide synthase (Zavesca (miglu-
stat); Cerdaltga (eliglustat)). However, none of these
therapeutic options are effective in treating Types 2 and 3
Gaucher disease because the drugs do not penetrate the CNS.
To address this unmet medical need we chose an alternative,

more holistic phenotypic approach. Disrupted calcium homeo-
stasis is thought to play a role in a number of lysosomal storage
disorders, including Type 2 Gaucher disease.74,75 Evidence for
this association comes from both neuronal cellular models of
Gaucher disease76,77 and from brains taken post-mortem from
Type 2 Gaucher disease patients.78 We discovered that Type 2
Gaucher disease patient derived fibroblasts (L444P/L444P
genotype) display reduced calcium release from acidic stores in
response to Gly-Phe-β-naphthylamide (GPN) compared to
normal cells. GPN is a cathepsin C substrate, which, upon

hydrolysis, causes osmotic lysis and calcium release from
lysosomal acidic stores into the cytoplasm.79 On the basis of
this phenotypic difference, we developed a high throughput
fluorescence-based assay to screen for compounds with activity
to reverse the lysosomal calcium release deficit found in
patient-derived cells.80 A screen of 1200 known FDA approved
drugs (Prestwick Chemical Library) was performed.73 One of
the hits identified was tamoxifen (Figure 7), a selective
estrogen receptor modulator used to treat estrogen-sensitive
breast cancer.
Tamoxifen displayed modest functional potency (EC50 = 10

μM with 148% activation over the basal response to GPN-
induced calcium release measured in patient-derived cells in
the absence of compound treatment). By contrast, tamoxifen
induced a maximum 28% activation over basal GPN-induced
calcium release in normal (wild-type) cells. The drug-like
properties of tamoxifen made it a good starting point for hit-to-
lead activities. However, its potent antiestrogenic activity
would be considered unacceptable for chronic therapy,
especially in the young patient population affected by Type
2 Gaucher disease. Our structure−activity and structure−
property studies (Figure 7)73 therefore focused on improving
potency and efficacy within the tamoxifen chemical scaffold,
reducing estrogenic activity, and identifying novel intellectual
property. Since the exact molecular target was not known, we
carried out a pharmacophore-driven campaign. SAR around
tamoxifen itself identified compound 1, which retained potency
and efficacy in the GPN-induced calcium release assay but
showed reduced estrogenic potency compared to tamoxifen.
Hypothesizing that the optimal pharmacophore preferred the
aryl ring in a nonplanar conformation (planarity is stabilized by
the extended conjugation of the tamoxifen scaffold), we
introduced a carbonyl group and a modified alkyl substituent
into the system to give compound 2, which was more potent
and efficacious than tamoxifen or compound 1. Further
conformational restriction through introduction of a 2-
substituent on the distal aryl ring provided compound 3,
which showed enhanced efficacy and a lack of estrogenic
activity at concentrations up to 10 μM.
One of the key factors for success in phenotypic drug

discovery is the relevance of the assay to the disease state.81

Reporter-linked assays have been used as drug discovery
screens for several years.82 These assays, which can be easily
miniaturized to high throughput platforms, have been
engineered to link expression of a gene with a measurable
readout to a variety of biological activities, including signal
transduction, gene expression, and epigenetic modification.
Several reporter systems have been utilized successfully, the
two most prominent being (arguably) luciferase and green
fluorescent protein (GFP). Reporter gene assays have become

Figure 7. SAR around the screening hit tamoxifen led to compound 3, which reversed the diseased phenotype in Gaucher disease patient-derived
cells and displayed reduced estrogenic activity.
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a valuable screening tool in drug discovery targeting
cancer.10,83 Assays can be targeted to monitor specific
pathways, which sometimes makes deconvolution of the
mechanism of action of screening hits somewhat easier.
We have a long-standing collaboration with the group of Dr.

J. P. Issa (formerly of the Fels Institute for Cancer Research
and Molecular Biology, Lewis Katz School of Medicine at
Temple University, presently located at the Coriell Institute for
Medical Research). Issa and colleagues developed a high
throughput gene reporter-based assay to screen for novel
compounds that restore epigenetic control to tumor
suppressor genes that have been inactivated in cells that have
become cancerous.84 The screen uses the well-established YB5
cell-based system, which is derived from the human colon
cancer cell line SW48.85,86 YB5 contains a single insertion of
the cytomegalovirus promotor driving GFP expression that is
epigenetically silenced through DNA methylation and histone
acetylation. In the YB5 system, GFP expression behaves
similarly to endogenous tumor suppressor genes that have
been epigenetically silenced. The screen was used to
successfully identify a novel epigenetic mechanism, namely
calcium signaling through calcium-calmodulin kinase.86

Screening of the TimTec NDL-3000 library (consisting of
3040 seminatural compounds, derived from natural or
synthetic “natural-like” small molecule derivatives) identified
aminothiazole hit 4 (Figure 8) as an epigenetic reactivator of
silenced tumor suppressor genes.87 Compound 4 showed no
activity against the main known regulators of epigenetic
silencing, DNA methyl transferase and histone deacetylase.
Connectivity mapping88 using RNA sequencing (RNA-seq)
revealed that a number of compounds possessing pan-cyclin-

dependent-kinase (CDK) inhibitory activity shared a similar
transcriptional profile. Interestingly, one of these CDK
inhibitors (SNS-032, Figure 8) also possessed an amino-
thiazole moiety in its chemical structure. Detailed profiling of
the pan-CDK inhibitors and compound 4 revealed that the
compounds that were most effective at gene reactivation in the
YB5 cell system had the lowest IC50 values for CDK9. An SAR
campaign using the YB5 system as the primary screen
ultimately identified MC-180295 (Figure 8) as the most
potent and efficacious analog within the series. Further
deconvolution finally revealed MC-180295 to be one of the
most selective CDK9 inhibitors reported to date (22.5-fold
selective over the nearest CDK target, CDK4, Table 1) with an
IC50 value against CDK9 of 5 nM. This was, to our knowledge,
the first report of epigenetic modulatory activity for CDK9.
MC-180295 displayed broad anticancer activity in vitro. In
vivo, treatment with the compound deceased tumor burden
and increased survival time in NSG mice inoculated with
SW48 cells. In addition, CDK9 inhibition also sensitized cells
to checkpoint inhibition induced by an anti-PD-1 antibody in
vivo.
Molecular modeling studies (Figure 9) provide a hypothesis

for the selectivity that MC-180295 possesses for CDK9 over
other CDKs. MC-180295 was docked to the ATP binding site
of CDK1, CDK2, CDK5, CDK6, and CDK7 and CDK9. The
model suggests that MC-180295 binds to the hinge region of
all seven proteins in a similar conformation. However, the nitro
group of MC-180295 appears to make hydrogen bonds to
Lys48 on the N-lobe and Glu66 on the αC helix of CDK9 that
are not present in the models for CDKs 1, 2, 5, 6, and 7. These

Figure 8. Structures of SNS-032, compound 4, and MC-180295.

Table 1. Inhibitory Activity for MC-180295 against Cyclin-Dependent Kinasesa

target CDK1/
cyclin B

CDK2/
cyclin A

CDK2/
cyclin E

CDK3/
cyclin E

CDK4/
cyclin D

CDK5/
P35

CDK5/
P25

CdK8/
cyclin D3

CDK7/
CycH/MAT1

CDK9/
cyclin T1

IC50,
nM

138 233 367 399 112 159 186 712 555 5

aMC-180295 displayed 22.5-fold selectivity for CDK9 versus its next closest target, CDK4.87

Figure 9. Docking of MC-180295 with ATP binding site of cyclin-dependent kinases. Crystal structures of the protein kinases were downloaded
from RCSB Protein Data Bank (CDK1, 5LQF; CDK2, 1HCK; CDK5, 1UNH; CDK6, 2EUF; CDK7, 1UA2; CDK9, 3BLQ) and prepared with
Protein Preparation Wizard (Schrodinger, New York NY). Receptor Grid Preparation was used to create the docking sites. Standard Precision was
employed for the docking step. Other protein kinases were aligned using CDK9 as a reference frame, and the coordinate of the docking pose was
copied to have the same binding model for all kinases. (A) MC-180295 docked to ATP binding site of CDK9. The nitro group engages Lys48 and
Glu66. (B) MC-180295 docked to CDK1, CDK2, CDK5, CDK6, and CDK7. The nitro group does not make significant binding interactions with
the proteins.
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additional binding interactions may be responsible for the
enhanced affinity that MC-180295 shows for CDK9.
Phenotypic screening appears to have risen to take a place

among the tools used by drug discovery scientists in their
continuing effort to identify new treatments for unmet medical
needs. The approach has been resuscitated, in part, by
advancements in technology that enable the design of
meaningful high throughput assays and facilitate deconvolution
of the mechanism(s) of action for the hits that are identified.
Today’s phenotypic screening approaches are encouraging
researchers to tackle disease states and biochemical mecha-
nisms that were once thought of as “undruggable”. But they are
only part of the solution to what many perceive to be a
problem in drug discovery, namely, lower productivity now
that the “low hanging fruit” has been picked from the drug
discovery orchard. Numerous perspectives have been written
in the past two decades detailing thoughts on the issues
impacting the industry. Opinions on how to fix the problem
vary, but what is clear is that the model moving forward needs
to change and it is changing. Like the principal of Yin and
Yang, phenotypic screening is part of a balance, part of a
complementary collection of approaches and technologies that
is being embraced in an effort to ensure that we continue to
address the unmet medical challenges of today and
tomorrow.89
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