
 

Gene enhancers important despite apparent
redundancy
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Cell activity patterns of two gene enhancers (red and green cells). Cells in which
both enhancers are active appear yellow. Credit: Marco Osterwalder
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Every cell in the body has the same DNA and genes, so a cell's
properties and functions are determined by which genes are turned on.
That's why it is critical to understand enhancers, short sections of non-
coding DNA that regulate the expression of specific genes.

An enhancer doesn't have a one-to-one relationship with the gene it
controls. Instead, there are many more enhancers than genes and their
relationship is unclear. Do many enhancers regulate a given gene's
expression in a given tissue, providing redundancy? Researchers at the
Department of Energy's Lawrence Berkeley National Laboratory
(Berkeley Lab) investigated this question, and the overall importance of
enhancers to development, in two recent studies.

The researchers answered a long-standing question about the role of
enhancers. And by better linking the genomic complement of an
organism with its expressed characteristics, their work offers new
insights that further the growing field of systems biology, which seeks to
gain a predictive understanding of living systems.

Perfect Conservation

In their new study published in Cell, the team investigated enhancers
containing "ultraconserved elements," which are at least 200 base pairs
in length and are 100 percent identical in the genomes of humans, mice
and rats. Ultraconserved elements have been perfectly conserved for
over 80 million years since these mammals shared a common ancestor.

Previously, the group individually deleted four ultraconserved brain
enhancers in the mouse genome. All four mouse lines were viable and
fertile, which shocked the genomics and evolutionary biology research
communities who thought these enhancers were critical for life since
they have been so perfectly conserved.
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"In our follow-up study, we wanted to dig deeper to test two possible
explanations," said Diane Dickel, a research scientist at Berkeley Lab's
Environmental Genomics and Systems Biology Division. "First, maybe
there is some redundancy between these enhancer sequences, and losing
two of them will cause the mice to be nonviable or infertile. Second,
maybe the mice do have something wrong with them, but it's more
subtle."

In the new study, the team used the gene-editing tool CRISPR-CAS9 to
further investigate enhancers near the Arx gene that, when defective,
causes neurological and sexual-development disorders in mice and
humans. "We focused on Arx because it has an unusually large number
of very long ultraconserved sites nearby," said Dickel who co-led the
studies with Len Pennacchio and Axel Visel, both senior scientists in the
same division.

Specifically, they knocked out four of Arx's brain enhancers, which are
active in pairs in either the top or bottom of the forebrain. When these
enhancers were individually deleted, all the mice were viable and
fertile—confirming that ultraconserved enhancers aren't essential to life
within a given generation. When they were deleted in pairs with similar
activity, the mice were still viable and fertile—ruling out redundancy as
the primary explanation for the absence of major defects upon knockout
of individual ultraconserved enhancers.

But were there more subtle brain defects? To answer this question, the
researchers teamed up with John Rubenstein, a neurobiologist at UC San
Francisco, who provided in-depth neurological phenotyping.

In three of the four cases with only one enhancer deletion, they found
abnormalities —either in overall growth or brain development. In one
case, the mice had a severe structural defect in the hippocampus. In
another case, the mice had fewer cholinergic neurons.
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Pictures of a normal part of the mouse forebrain (left) compared with a mouse
missing one ultraconserved enhancer (right). Credit: Athena Ypsilanti /UCSF

"The changes to the brain in these mice are reminiscent of those seen in
humans with seizure disorders or dementia," Dickel said. "While we
don't know yet if these mice are affected by such problems, it's likely
that the physiological changes we found are selected against in the wild,
and that's why you maintain a high level of conservation at these sites."

Protective redundancy

While there are only a few hundred ultraconserved sites in the human
and mouse genomes, there are also approximately 100,000 other, less
well-conserved enhancers. The defects observed upon deletion of
individual ultraconserved enhancers raise the question if deletion of less
well-conserved enhancers generally causes similar problems. Are defects
the exception or the rule? This question was investigated in a second
study, led by postdoctoral researcher Marco Osterwalder, which focused
on enhancers for limbs. Limb enhancers were targeted because limbs are
easy to assess, unlike neurological phenotyping.
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As reported today in Nature, the team deleted ten limb enhancers near
genes essential for limb development. They expected to see some
anomalies but all ten mouse lines had perfectly normal-looking limbs.

However, the team also observed some genes with two enhancers that
appeared to be active at the same time during limb development. When
the team knocked out such pairs of limb enhancers with similar activity,
they saw characteristics like extra digits or differences in bone
length—indicating that these enhancers functioned redundantly. "It's like
the pilot and copilot having redundant control sticks in the cockpit,"
explained Visel. "Either one can control the plane, but you're in trouble
if you get rid of both control sticks."

To determine whether or not it's common to have such a regulatory back-
up system, the team computationally analyzed genomic datasets from
many different tissues. They determined that genes that control central
processes in embryonic development are commonly equipped with sets
of enhancers that are likely redundant. In more than 1000 extreme cases,
they found sets of five or more enhancers with similar activity patterns
controlling the same gene.

Despite the redundancy, these enhancers are evolutionarily conserved,
which leads the scientists to surmise that disrupting these enhancers may
still cause some sort of decrease in fitness in the wild, even if it is so
small it can't be readily detected in the lab.

"We're not saying these enhancers are perfectly redundant in that one or
the other isn't important, but rather there is a mechanism of protecting
against deleterious effects on the order of a given generation,"
Pennacchio summarized. "Selection happens over many generations."

Taken together, these studies demonstrate a varied importance of
enhancer redundancy. "The genome is a big place," Dickel said. "It's
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hard to fit every single locus in the genome into one specific model of
gene regulation. Some loci have more redundancy than others."

Broader implications

Complex questions such as these are addressed by biological systems
science, where these results can be used to understand the effects of
genetic perturbations on inherited and expressed characteristics in a
larger context.

Ultimately, the team is interested in whether enhancer mutations
contribute to human disease. "With whole human genome sequencing
now a reality, we are focusing on studying how human mutations impact
health and development in vivo," Pennacchio said.
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