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OUTLOOK

Designer genes courtesy of artificial
intelligence
Alexander Hoffmann

Signaling Systems Laboratory, Department of Microbiology, Immunology, and Molecular Genetics, Institute for
Quantitative and Computational Biosciences, Molecular Biology Institute, University of California, Los Angeles,
Los Angeles, California 90025, USA

The core promoter determines not only where gene tran-
scription initiates but also the transcriptional activity in
both basal and enhancer-induced conditions. Multiple
short sequence elements within the core promoter have
been identified in different species, but how they function
together and to what extent they are truly species-specific
has remained unclear. In this issue of Genes & Develop-
ment, Vo ngoc and colleagues (pp. 377–382) report un-
dertaking massively parallel measurements of synthetic
core promoters to generate a large data set of their activi-
ties that informs a statistical learning model to identify
the sequence differences of human and Drosophila core
promoters. Thismachine learningmodelwas then applied
to design gene core promoters that are particularly specific
for the human transcriptional machinery.

The core promoter is the determinant for accurate initi-
ation (at the +1 transcription start site [TSS]) by RNA po-
lymerase II. Its most prominent sequence element is the
TATA box at −25, which is bound by the TATA binding
protein (TBP), a key DNA binding subunit of the TFIID
complex (Hoffmann et al. 1990). However, as early as
the 1980s, both mutagenesis and DNase1 footprinting
studies indicated functional interactions by transcription
initiation factors with a much larger DNA segment, ex-
tending all the way to +35 (Van Dyke et al. 1988). What
was intriguing was the realization that such interactions
with the downstream region correlated with the transacti-
vation functions of transcriptional activators. Because of
an apparent lack of consensus sequence in that down-
stream region and histone homologies in TFIID subunits
(Hoffmann et al. 1996), TFIID was described as a special-
ized nucleosome that commits the transcription initia-
tion site (Hoffmann et al. 1997), but that turned out to
be far-fetched.

Despite the functional evidence of physical interactions
by TFIID subunits in the downstream promoter region,
the sequence elements directing these interactions
remained elusive. In mammalian promoters, a highly het-
erogeneous initiator (INR) sequencewas identified (Smale
and Baltimore 1989), and in Drosophila, the Kadonaga
group (Burke and Kadonaga 1996) showed that a down-
stream promoter element (DPE) is important for promoter
activity. Combined with the more recently identified
“motif ten element” (Lim et al. 2004), this was renamed
the downstream promoter region (DPR). However, wheth-
er these human and Drosophila promoter elements are
truly species-specific or have functional analogs and
whether they function independently or interdepend-
ently to direct transcriptional initiation remained enig-
matic for many years, while the research field turned
to elucidating enhancer function and chromatin
architecture.
The Kadonaga laboratory (Vo ngoc et al. 2023) recently

took a fresh approach to determining the functionality of
sequences within the core promoter by developing a mas-
sively parallel reporter assay (MPRA) that leverages their
expertise in in vitro transcription with RNA analysis by
next-generation sequencing. Their HARPE method
(high-throughput analysis of randomized promoter ele-
ments), applied to human transcription-competent nucle-
ar extract, generated data on ∼200,000 promoter variants.
This is a tiny fraction of the potential DPR sequence space
of 430 possible variants but is sufficient to train a machine
learning model (Vo Ngoc et al. 2020). With the help of
such statistical learning algorithms, which are excellent
at identifying patterns associated with a specified condi-
tion (e.g., high transcriptional activity) and are often re-
ferred to as artificial intelligence, they determined what
an effective DPR was in human cells, especially for genes
lacking a TATA box. This was an important finding
because it provided evidence for the functionality of the
physical interactions observed in earlier studies with hu-
man extracts.
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In the present study, Vo ngoc et al. (2023) askedwhether
and how the human andDrosophila DPRs were different.
To this end, they used the HARPE method not in human
but in Drosophila transcription-competent extracts, gen-
erating data on ∼200,000 promoter variants. They showed
that sequence variation in theDPRwas a key determinant
of promoter activity and used the data to train a machine
learning model to identify sequences to determineDroso-
phila DPR activity. Comparing the sequence patterns
identified by the human andDrosophilamachine learning
models, they identified a similar sequence motif of
RGWYS that in human-specific variants is often shifted
1 nt upstream to +27 to +31, while in Drosophila it is op-
timally at +28 to +32. They then experimentally tested
and confirmed that the 1-nt shift was the cause of spe-
cies-specific activity of the same promoter construct.

However, other sequence features beyond the +1 shift
may also reflect species differences accumulated over
800 million years of evolution that separate flies and hu-
mans.Machine learning algorithms are not only well suit-
ed to identify patterns that distinguish two conditions but
may also be used to generate patterns. The recently re-
leasedChatGPT is an example of amachine learningmod-
el that generates new speech based on the patterns that it
has identified in a vast training set of human speech. In
this application, the Kadonaga laboratory (Vo ngoc et al.
2023) applied this ability to predict sequences that are
maximally human- or Drosophila-specific. They then
tested predicted variants experimentally in human or
Drosophila extracts and confirmed that while both hu-
mans and Drosophila have similar DPR sequences, they
are subtly distinct. Their work demonstrated that such
subtle distinctions are identifiable using artificial intelli-
gence models, which in turn can be used to design genes
with specified gene regulatory design criteria.

The present study charts out an exciting new approach
that could develop into a highly productive toolbox for ad-
dressing long-standing questions about transcriptional
control mechanisms that have not been answered by
even the highest-resolution molecular biophysical ap-
proaches: How does the core promoter determine gene ex-
pression inducibility, the gene’s responsiveness to specific
transcription factors? While chromatin architecture and
looping are clearly important, there are also sequence de-
terminants within the core promoter, but we do not yet
understand what they are. Indeed, those core promoter se-
quence determinantsmay be different for different classes
of transcription factors (classified by their activation do-
mains, coactivators, or activation mechanisms) or their
locations. Furthermore, the machine learning models for
core promoters will surely find utility in the design of
gene constructs for the expanding range of gene- and
cell-based therapeutic approaches. A key question may
be how well predictions based on in vitro naked DNA
templates translate to gene expression control in the na-
tive chromatin context or whether the HARPE method
or another MPRA may be designed for nucleosomal
DNA or native chromatin contexts.

Ultimately, of course we are not satisfied with the
amazing ability to predict designer geneswith artificial in-

telligence, butwe are aiming for a biophysical understand-
ing. Indeed, there has been dramatic progress in the
structures and the molecular interactions of TFIID (Patel
et al. 2018) and the preinitiation complex (Chen and Xu
2022), but future studies may also aim to account for the
dynamics and the bursts of initiation, such as their fre-
quency and size (Larsson et al. 2019). The sequence prefer-
ences identified by Vo ngoc et al. (2023) may be a useful
tool in addressing such questions and may further fuel
the renaissance of biophysical studies of transcriptional
control.
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