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For more than a century, scientists have worked to characterize, understand, and predict the consequences of mutations. For almost as
long, scientists—always on the lookout for general principles—have categorized these mutations, hoping that putting them into labeled
boxes might help reveal the molecular logic that governs mutational effects. Here, | will dive into one of these boxes, labeled “gain-of-
function”, a term that will ring familiar to undergraduates, (clinical) geneticists, and virologists alike. | will emerge from the box with a
profound sense of bewilderment and the conclusion that its contents appear to have very little in common. What is a gain-of-function
mutation? What do we know (or can reasonably assume) about a mutation once it has attracted this label? Do gain-of-function mutations
share anything in common in terms of their molecular features or the consequences they cause? | will argue that the answers to these
three questions are “l don’t know,” “not much,” and “not really,” and that the term gain-of-function tells us rather little. Worse, it often
misleads our intuition regarding what a given mutation is or does. | will suggest that this is because the gain-of-function label has his-
torically been applied, with liberal abandon, across different levels of biological complexity, from the behavior of individual proteins,
to protein complexes, to cells, to whole-organism physiology. | will discuss the implications (all bad...) of this heterogeneous labeling
history for recent efforts to train machine learming algorithms to discriminate different types of mutations. Above all, | hope to highlight
that the myriad ways in which mutational effects can percolate through biological systems often defy easy categorization and that, while

classifying things is often useful, it is best not to forget that molecular biology is a glorious mess.
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In 1932, American geneticist Hermann Muller tried to make sense
ofitall. Foryears, he and others had beenirradiating fruit flies with
X-rays and observing the consequences. As the high-energy radi-
ation fractured the flies’ DNA and caused individual fragments to
be lost or reattached to other chromosomes, the appearance of
the flies changed. This included a wide variety of changes—in
eye color, wing size, or the number of bristles on the fly’s thorax
—but Muller proposed that there was some deeper logic and that
mutations could be grouped based on the nature of their impact
(Muller 1932): “Hypomorphic” mutations, he argued, were those
that work “in the same direction (towards the same superficial end result)
as the normal allelomorph, but not so strongly,” exemplified by apricot
and eosin mutants, whose eyes were noticeably less red than the
wildtype. These mutant genes did not actively suppress the gener-
ation of red pigment—adding more copies of the mutant gene led
to more intense color—they simply produced less pigment. At
the end of the hypomorphic cul-de-sac lay “amorphic” mutations,
where the phenotype in question (e.g. red pigment) stopped being
produced altogether. Mutations thatled to augmentation of a trait,
on the other hand, such as an increased number of bristles, Muller
labeled “hypermorphic.” Here, adding more copies of the gene ex-
acerbated the mutant phenotype. Creating hypermorphs (typical-
ly by overexpression or mis-expression, e.g. in a different tissue)
and hypomorphs (by gene deletion or gene product depletion) re-
mains a vital part of the geneticist’s toolkit and a powerful general
stratagem to dissect genetic pathways.

On occasion, the effects observed by Muller and his fellow fly-
pushers were difficult to rationalize as an increase or decrease
of gene dosage. Rather, they appeared to change “the nature of the
gene at the original locus, giving an effect not produced... by the original
normal gene.” These “neomorphic” mutations appeared to cause a
qualitative rather than quantitative change and adding more cop-
ies of the wildtype gene did not alleviate the mutant phenotype.
One of Muller’s examples is the bar mutation, which affects not
only the number but also the distribution of the ommatidia that
form the fly’s facet eyes, giving rise to a diagnostic strip-eyed look.

Legacy of the neomorph

Fast forward a little less than a hundred years, and Muller’s terms
are no longer in widespread use. Look up “neomorph” in your fa-
vorite search engine, and you are likely to learn rather more about
the film Alien (where a neomorph is an extraterrestrial endopara-
sitoid, in case you were wondering) than the eye color of mutant
flies. This is not because people have stopped categorizing muta-
tions by their impact. Far from it. But Muller's monikers have
mostly been replaced by two broader terms, introduced as early
as 1963 by developmental Drosophilist E. B. Lewis (Lewis 1963):
hypo- and amorphic mutations are nowadays more likely to be
called partial and full loss-of-function (LOF) mutations, respect-
ively, while hyper- and neomorphic changes are usually lumped
together under the label gain-of-function (GOF). There is no
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universally agreed definition of LOF and GOF mutations, but
Muller’s initial classification scheme continues to reverberate
through an age where our understanding of the molecular basis
of mutational effects has gotten much more granular:

Gain-of-function mutations are said to “enhance the activity of the
mutated protein” (Bayrak et al. 2021), “enhance or recruit new protein
functions” (Ge et al. 2022), lead to “constitutive activation, shift of sub-
strate or binding specificity or aggregation” (Gerasimavicius et al.
2022) or, most all-embracing, to a protein that “does something
different than the wildtype protein” (Backwell and Marsh 2022). GOF
mutations are seen to add something, in either quantitative
(hypermorphic) or qualitative (neomorphic) terms. Popular
textbooks, too, place single proteins at the center of their
gain-of-function definition, focusing on the consequences for
the product of the gene in which the mutation resides, for ex-
ample defining GOF as “the acquisition of a novel property by
the mutant protein, or the expression of a gene at the wrong
time (heterochronic expression) and/or in the wrong place (ectop-
ic expression)” (Nussbaum et al. 2016). [NB: The discussion below
covers both mutations and variants, i.e. genetic changes that have
occurred in the germline and segregate in a population. For sim-
plicity—and without loss of accuracy regarding the molecular
case [ am about to make—I will refer to both types of genetic
changes as mutations throughout.]

But, based on how the term has been used in practice,
gain-of-function can manifest at a number of levels of biological
complexity: as a mutant ion channel with increased conductivity
or a neuron that fires at a higher rate. Or—harking back to Muller’s
day—at the level of organismal morphology. This is particularly
obvious in the clinical literature, where the need for categoriza-
tion only arises in response to an observed human pathology. In
short, there is a great deal of latitude, liberally exploited by prac-
ticing sclentists, in how the gain-of-function label has been ap-
plied over time. This stretches the utility of the label in
important ways. Notably, where the gain-of-function label is ap-
plied to a higher level of biological complexity (e.g. morphology),
it is easily taken to imply some gain-of-function mechanism at a
lower level (e.g. a protein’s activity). As I will illustrate below,
this intuition is often false.

Ok, sometimes the stars align and gain-of-function is under-
stood with intuitive simplicity. This is the case, for example, in
an area of research that has come close to usurping the term
gain-of-function: work on the infectious capacity of viruses.
Here, we are frequently dealing with mutations that lead proteins
to establish a new or alter an old interaction with a host receptor
(Meyer et al. 2012) or some component of the host membrane or
cell wall (Imai et al. 2012), which then enables invasion or trans-
mission between hosts. There is a gain in capacity for both the in-
dividual protein and the virus as a whole. But, as Muller realized
early on, the link between molecular, cellular, and organismal
phenotype is not always this straightforward.

Your gain-of-function is my loss-of-function

Takeion channels. Here, the functional impact of a mutation (gain
vs loss) is usually assigned based on what happens to channel
conductivity. Across the vast literature on ion channel proteins,
mutations are described as gain-of-function if they lead to slower
inactivation kinetics (Albuisson et al. 2013; Ma et al. 2018), a con-
stitutively open channel (Kim et al. 2007; Pavel et al. 2016), an
increased channel-open probability (Rauh et al. 2013; Teng et al.
2015, 2016), a lower excitability threshold (Dib-Hajj et al. 2005;
Li et al. 2009; Swan et al. 2014), or insensitivity to ligands that

would normally lead to closing of the channel (Kim et al. 2007;
Subbotina et al. 2019)—in short, any proximate mechanism that
results in an increased flux of ions through the channel. But
look deeper—to what happens to individual proteins and their in-
teractions—and your expectation of finding something being
gained will often be disappointed.

Let us consider the L5961 mutation in the human ion channel
protein TRPV4. This mutation, which sees a leucine at position
596 in the protein replaced by an isoleucine, increases the prob-
ability of channel opening, resultingin an increased flux of cations
through the channel. It does so, however, not by establishing some
new connection but by loosening a molecular latch that normally
favors a closed channel conformation (Teng et al. 2015). No new
interaction is gained. Rather, an old one is lost. Similarly, varitint-
waddler mice—deaf and struggling with their balance—carry
an A419P mutation in TRPML3, another cation channel protein
(Kim et al. 2007). The mutation disrupts communication
with a pH-sensing domain, locking the channel into a constitu-
tively open state (Kim et al. 2008). For these mutations, and a
plethora of others (Lester and Karschin 2000), it is hard to argue
that the individual proteins affected have gained anything.
Instead, increased channel conductivity is brought about
by loss of an interaction or appropriate feedback control at the
protein level.

Removing the off switch

Evading normal control mechanisms is a common theme for
gain-of-function mutations beyond ion channels. Let’s rattle
through some examples:

e certain mutations (e.g. R274Q) in STAT1—a transcription fac-
tor that helps coordinate cellular responses to signals from
the immune system—interfere with STAT1 dephosphoryla-
tion. As a consequence, STAT1 is retained in the nucleus ra-
ther than shuttled back to the cytoplasm, ultimately causing
chronic mucocutaneous candidiasis (Liu et al. 2011).

e mutations in the common docking domain of the MAP kinase
ERK2 (e.g. D321N) are no longer recognized by their cognate
phosphatases, leading to persistent activation, which can
drive cell proliferation and cancer (Brunner et al. 1994;
Robles et al. 2025).

e mutations in oncogenic Ras proteins typically lead to loss of

their GTPase activity. This leads to constitutive activation

of Ras, since it is the GTP-bound form that engages with

downstream targets (Hobbs et al. 2016).

mutating the K296/E113 salt bridge in the dim-light photo-

receptor rhodopsin mimics the activated state of the receptor

because the chromophore that would normally bind there to
inhibit signaling (11-cis-retinal), no longer can (Kim et al.

2004), giving rise to retinitis pigmentosa.

certain cancer-associated mutations in the protein phosphat-

ase 1D (PPM1D/WIP1) destroy a degradation signal (degron).

This stabilizes the protein, which negatively regulates the tu-

mor suppressor p53, thereby promoting tumor formation

(Tokheim et al. 2021).

Bottom line: molecular behavior that, quite reasonably, has
been described as gain-of-function frequently emerges from
what a reasonable person (i.e. me) would describe as
loss-of-function at a lower level of complexity or at an earlier
stage of a molecular cascade, and is often manifest as a
loss-of-responsiveness to its normal regulators.
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Gain to lose

Conversely, a card-carrying gain-of-function at the protein level,
such as when a protein establishes a new protein-protein inter-
action, can underpin loss-of-function further down the track.

Consider [RNQ+|, the prion form of yeast protein Rngl.
Overexpression of [RNQ+]—not a geneticmutant, granted, but please
indulge me—leads to cell cycle arrest. But this is not because [RNQ+]
deleteriously boosts a pathway in which it normally acts. Rather, the
prion, present in greater number and eminently without anything
better to do, begins to seek interactions outside its normal friendship
circle. In particular, it starts to interact with Spc42, a key member of
the spindle pole body, compromising its normal function (Treusch
and Lindquist 2012). [RNQ+] is not the only protein that exerts a
bad influence on new, impressionable friends. Emergent toxic rela-
tionships like this, where newly promiscuous protein A sequesters
protein B, often outside its normal pathway, appear to be common,
especially for proteins with the capacity to form amyloid structures
(Olzscha et al. 2011) or those with intrinsically disordered regions
(IDRs) (Vavouri et al. 2009; Mosca et al. 2012).

For example, polyQ-expanded versions of the huntingtin protein
co-aggregate with proteins that also contain (smaller) glutamine-
rich stretches but that would not aggregate and form amyloids by
themselves. One of these proteins is CREB binding protein (CBP)
and the pathological consequences of polyQ expansion are, at least
in part, likely down to sequestration of CBP (Jiang et al. 2006; Holmes
et al. 2014). Similarly, the gain of a dileucine motif in an IDR of the
glucose transporter protein GLUT1 gives rise to a new interaction
with clathrin. This gain-of-function then causes loss-of-function
of the transporter, which, whisked away by clathrin, ends up in
the wrong part of the cell (Meyer et al. 2018).

The simple take-home here is that whether we label a mutation as
loss- or gain-of-function usually depends on where we choose to look.
In the cases highlighted above, there is no denying thatinteractions at
the protein level are gained or reinforced, but zooming out and looking
at what happens downstream of this interaction, we can be equally
assertive in stating that these mutations cause a loss-of-function, al-
beit not in the protein’s normal stomping ground. The loss is happen-
ing off-pathway (which, incidentally, makes the physiological
consequences of this type of mutation much harder to predict).

United in opposition

Given the diversity of mechanisms and levels of biological com-
plexity to which the term gain-of-function has been applied, is
there anything that unites gain-of-function mutations? Are there
any general mechanistic lessons we can learn that go beyond the
idiosyncrasies of individual mutations?

Multiple recent studies have attempted to address this very ques-
tion, using a variety of machine learning approaches to identify fea-
tures that discriminate gain-of-function from loss-of-function
mutations, and from mutations that are benign (in the sense that
they are present in a population of ostensibly healthy humans) (Lee
et al. 2009; Jung et al. 2015; Heyne et al. 2020; Bayrak et al. 2021;
Gerasimavicius et al. 2022; Stein et al. 2023; Badonyi and Marsh
2024, 2025). The starting point for these endeavors are curated sets
of mutations, which have been labeled as gain- or loss-of-function
in clinical databases (e.g. OMIM, ClinVar) in all the spectacularly het-
erogeneous, inconsistent, and level-of-complexity-agnostic ways
that we have encountered above. So, there should be little hope for
finding any unifying features of gain-of-function mutations. Right?

Wrong. The various algorithms implemented in these studies do
an admirable job of discriminating gain- from loss-of-function

mutations and have highlighted a number of residue-, gene-, and
protein-level features, alongside dominant/recessive inheritance
patterns (Box 1), that power accurate discrimination. Most notably,
mutations that strongly destabilize a protein or eliminate protein ex-
pression altogether (e.g. via premature termination codons that trig-
ger nonsense-mediated decay) are more likely to be associated with
the loss-of-function label (Jung et al. 2015; Gerasimavicius et al.
2020, 2022; Bayrak et al. 2021; Stein et al. 2023). In contrast, changes
associated with gain-of-function mutations are milder; the mutant
protein causes problems not by disappearing, but by sticking around.

Box 1. Gain-of-function versus dominance

Loss-of-function and gain-of-function labels are associated,
and sometimes conflated, with two other labels: recessive and
dominant, respectively (Bayrak et al. 2021; Gerasimavicius
etal. 2022). In contrast to the vague definitions of GOF and LOF
(see main text), the definition of dominance is much tighter:itis
the property of a trait or character, where the character is said
to be dominant when seen in a heterozygote and recessive if
only observed in a homozygous state, with predictive
implications for how traits are inherited. Dominance is
therefore not a property of a single gene or protein or mutation,
but a property of the genetic system describing how two alleles
interact in their effect on a focal phenotype. By definition,
dominance is intimately tied to the biology of diploid (or
polyploid) biological systems. In contrast, GOF/LOF labels can
readily be applied to monoploid systems, which include a vast
swath of prokaryotes.

While conceptually distinct, the two sets of descriptors
(GOF/LOF vs dominant/recessive) are nonetheless related, in
that one is often predictive of the other (Bayrak et al. 2021;
Gerasimavicius et al. 2022). Empirically, loss-of-function
mutations are often recessive; taking out one copy is not
enough to compromise the phenotype. Why this so-called
haplosufficiency would be a common property of diploid
molecular systemsis a curious and nontrivial question that has
occupied scientific minds far greater than mine, notably
including R.A. Fisher and Sewall Wright. Conversely,
gain-of-function = mutations are typically dominant—
and perhaps sometimes labelled as GOF solely thanks to their
dominant inheritance.

There are plenty of exceptions to the LOF = recessive/GOF =
dominant mapping, most notably LOF mutations in
haploinsufficient genes and dominant negative mutations, the
classic example for which are mutations in proteins that form
homo-oligomeric complexes, where one nonfunctional allele can
poison the entire complex and thereby compromise the function
of >50% of proteins. Dominant negative mutations, for which
Muller had reserved the special term antimorphic (Muller 1932),
perfectly encapsulate the schizophrenic nature of the labelling
scheme: being both gain of function (at the protein level) and loss
of function (at the phenotypic level) at the same time.

Conversely, card-carrying GOF mutations can be recessive.
For example, some mutations (e.g. T4706M) in the ryanodine
receptor 1 (RYR1) gene act by generating a constitutively high
channel opening probability (Brennan et al. 2019; Magyar et al.
2023). Following the precedence set by other ion channels,
these mutations, which are associated with malignant
hyperthermia, squarely deserve the GOF label. However, these
mutations often show a recessive inheritance pattern as a
single mutated allele is insufficient to cause a clinically
observable phenotype. Another example is Chuvash
polycythemia, where the R200W mutation in the VHL (von
Hippel-Landau) protein results in overactive HIF1 signaling
(Ang et al. 2002). Again, a phenotype is only observable when
both copies of the VHL gene are mutated, resulting in a GOF
mutation with a recessive inheritance pattern. This example
illustrates nicely the broader issue here: the R200W mutation
has been labelled as a GOF mutation based on the increase in
HIF1 signaling. At a lower level of complexity, however, a LOF
label would be equally appropriate as the R200W mutations
abolish the interaction between VHL and HIF1.
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As common features go, however, “being around” is a pretty low
bar to clear. Mutations within this set remain hugely diverse mech-
anistically. I would argue that in a direct head-to-head against
loss-of-function mutations, gain-of-function mutations are de-
fined not by what they are but by what they are not. They are
not (for the most part) mutations that lead to loss of the protein
or where normality can be restored through complementation
(i.e. by supplying a wildtype copy of the gene). They are united
only in opposition, as non-LOFs (Gerasimavicius et al. 2022). It is
unsurprising, then, that differentiating gain-of-function muta-
tions (as labeled in the literature) from benign missense substitu-
tions—the true acid test of whether gain-of-function mutations
share anything in common that makes them stand out from the
crowd—has proven noticeably harder (Bayrak et al. 2021; Stein
et al. 2023). And even where apparent predictive power remains,
Iwonder whether biases in the training data are what drives clas-
sification success, e.g. gain-of-function mutations in some ion
channels predicting gain-of-function mutations in some other
ion channels (Jung et al. 2015; Bayrak et al. 2021; Gerasimavicius
etal. 2022; Badonyi and Marsh 2025).

Evasive fireflies in the archaic night

Assigning labels is always a balancing act. As humans, we are in-
timately familiar with both the convenience (tomatoes are in the
vegetable isle, making shopping for all your salad needs more ef-
ficient) and dangers (people making fun of you because you don't
know that “tomatoes really are a fruit”... whatever, man.) labeling
provides. Despite the pitfalls, categorizing, labeling, and trying to
impose order on the observable universe have been central to the
scientific pursuit well before Linnaeus really took the handbrake
off. As Camille Paglia put it:

“Western science is a product of the Apollonian mind: its hope
is that by naming and classification, by the cold light of intellect,
archaic night can be pushed back and defeated.” (Paglia 1991).

At their best, labels allow us to see beyond the individual in-
stance, to discover broader patterns and the underlying, hidden
processes that govern them. In the modern world, labels have
been essential to train classifiers that allow automated and highly
accurate discrimination of cats from dogs (https:/www.kaggle.
com/competitions/dogs-vs-cats/overview), and dogs from muf-
fins (https://www kaggle.com/datasets/samuelcortinhas/muffin-
vs-chihuahua-image-classification).

At their worst, however, labels might lump together things that
are different in many important ways, blinding us to the diversity
within. This is certainly true for algorithmic classifiers where lim-
ited options are enforced from the outset. If you are trained to dis-
criminate dogs from cats, there is only so much we can expect
when handing you the picture of a penguin (although, according
to my learned colleague Dr Hocher, penguins are “clearly closer
to cats”).

The tension between seeking to establish order and putting two
very different things into the same bin simply because we have a
self-imposed limit on the number of bins very much applies to
classifying mutations. Gain-of-function mutations, in this bin-
based analogy, go in the general waste container, marked out
only by the fact that they do not readily conform to a narrower
category like recyclable cardboard.

This is not to say that the gain-of-function label has been un-
reasonably applied in any one particular instance. But its past
and current application comprises such a diversity of mechan-
isms and levels of biological complexity that I find it challenging

to think about gain-of-function mutations as a class unified by
particular features across proteins and contexts and I worry
that the label might unwittingly make us lose sight of the com-
plexity of the underlying biology or make us short-cut to the as-
sumption that gain at the level of, say, ion channel conductivity,
implies gain of a molecular interaction at the protein level.

Where do all these musings leave us? For me, the label
gain-of-function lives on the edge of utility. Inconsistent past
and present application to different levels of biological complexity
make it a treacherous rather than intuitive guide to function.
There is value in discriminating gain- and loss-of-function in spe-
cific contexts, where transfer learning might provide generaliz-
able mechanistic insights (Heyne et al. 2020; Zhong et al. 2025).
But if we want to deploy machine learning approaches more
broadly to predict the nature of mutational effects within a
GOF/LOF framework, we will need conceptually precise and con-
sistent labels. To accomplish this, and to move beyond the con-
straints of historically inconsistent labeling, we will probably
need to tip out the general waste container and try to have an-
other go at sorting its contents.

With my Utopian hat on, I might suggest that there is value in
embarking on a systematic re-labeling effort, where GOF/LOF la-
bels are applied to a defined level of biological complexity, the
single protein level being perhaps the obvious one. Or, and with-
out appearing nostalgic of a past I never experienced, I might ad-
vocate for a return to a more strictly Mullerian definition, where
GOF and LOF labels are anchored to dosage effects, and comple-
mentation via a wildtype copy would be an acid test for what
constitutes a loss-of-function mutation. But my Utopian hat is
a couple of sizes too large and tends to slip over my eyes, blinding
me to reality. So I don’t wear it all that often. Without it, any as-
piration for a systematic re-labeling effort starts to look rather
delusional. Aside from strong field-specific conventions in how
and at what level of complexity GOF/LOF labels are applied (re-
member ion channels), the labels in their current incoherent in-
carnations are deeply embedded and will continue to be applied
in the clinical literature, where well-controlled functional stud-
les and complementation assays are—while desirable—often
impossible.

Speaking of “functional studies,” the term “function” in and of
itself is, of course, tricky. We can spend hours advocating for a
causal role definition (function is what the protein does) or an evo-
lutionary definition (where selection for the presence of a trait is
seen as the ultimate arbiter of what is functional), in a discussion
that will likely be as animated as it will be unproductive (Keeling
et al. 2019). I'd rather not.

For now, I simply live in the vain hope that the odd biology stu-
dent will stumble upon this essay to find a counterpoint to
ChatGPT-generated summaries, issued with seductive authority,
of what a gain-of-function mutation is and to find yet another ex-
ample of the fact that—cliché alert—biology is complex.
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