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Abstract

Cyclic GMP-AMP synthase is treated in the Alzheimer's disease literature as a
switch: DNA appears where it should not be, the switch flips, interferon
follows, synapses are lost, and the therapeutic instruction is to hold the switch
down. Every element of that account has experimental support. The account is
nonetheless wrong in form, because cGAS is not a switch but an enzyme with
several jobs, most of which do not produce a second messenger at all.

This review examines the target through four questions, each of which the
switch model does not ask.

The first concerns the enzyme. Most cGAS in a cell is nuclear, tethered to
chromatin, and doing something other than signalling: it inhibits homologous
recombination, decelerates replication forks, binds poly-ADP-ribose, and helps
maintain heterochromatin. Where this has been tested with defined mutants,
these functions require nuclear entry, DNA binding and oligomerisation but
not catalysis — they are not the sensing pathway operating quietly, they are a
different activity of the same protein. Mice lacking the enzyme age
prematurely, with derepressed repeat elements and a smoothed chromatin
landscape. Not one of these functions has been examined in a neuron, a glial
cell, or a brain, and the best-characterised of them requires a cycling cell,
which a neuron is not.

The second concerns the ligand. No study has identified the DNA that activates
cGAS in the Alzheimer's brain. Every claim in the field rests on amplicon
measurement of cytosolic fractions, antibody staining, or pharmacological
epistasis, none of which specifies a molecular species. This matters because the
enzyme's activation is steeply length-dependent and geometry-dependent, so
the difference between an intact protein-bound nucleoid and a short fragment
is the difference between a ligand and a non-ligand. Each candidate has a
specific problem: mitochondrial release routes have never been size-resolved
in a neural cell, the canonical micronucleus route is gated by mitosis, the
retroelement hypothesis is contradicted by long-read sequencing of human
cortex showing lower rather than higher reverse-transcriptase activity in
disease, and cell-free DNA in disease cerebrospinal fluid is reduced rather than
increased.

The third concerns the cell. Expression data place the enzyme in myeloid and
vascular populations, with neurons in no enrichment list. Two independent
inducible microglia-restricted knockouts support a microglial mechanism. The
neuronal claim rests on a single 2025 study using viral knockdown,
unreplicated, and no neuron-restricted conditional deletion of the enzyme
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exists in any species or disease. Yet the argument for neuronal relevance is
strong on its face, because the restraints that hold the enzyme inert are
mitosis-linked and a neuron never divides — an argument that is logically
sound and has never been tested.

The fourth concerns the drug. No compound exists that is active against the
human enzyme and demonstrated to reach brain. The only inhibitor with
published brain exposure is selective for the mouse enzyme; its human-active
sibling has no pharmacokinetics of any kind. No inhibitor of this enzyme or its
adaptor is registered in any neurological indication anywhere. The messenger
has never been measured in human cerebrospinal fluid or brain, so there is no
central pharmacodynamic readout. No human loss-of-function phenotype for
the enzyme has been described. And the prior for anti-inflammatory
intervention in this disease is a uniform row of negative randomised trials.

A staged programme follows, ordered by the cost of being wrong. Three
experiments would decide whether the target is worth the investment: whether
the enzyme's nuclear functions operate in a post-mitotic neuron, whether the
DNA it binds in brain can be isolated and sequenced, and whether a
human-active inhibitor can be made to reach the brain at all. The argument
throughout is that the field has been testing a pathway when it should have
been characterising an enzyme.
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1. The Switch and the Enzyme

*

1.1 A category error at the centre of a literature

There is a recognisable shape to the papers connecting cyclic GMP-AMP
synthase to Alzheimer's disease. A source of misplaced DNA is proposed.
Activation of the enzyme is inferred from downstream measurements.
Deleting or inhibiting it improves a mouse. The conclusion is that the
pathway is pathogenic and should be suppressed.

The work is often excellent, and the shape is not wrong so much as
under-specified. It treats a protein as though its only property were to be on
or off. An enzyme is not a switch. It has a location, a substrate, a set of binding
partners, a catalytic rate, a physical state, and — in this case — several
activities that have nothing to do with the product it is named for. A
therapeutic programme aimed at a switch asks one question: how completely
can it be held down? A programme aimed at an enzyme has to ask which of its
activities is the harmful one, in which compartment, in which cell, at which
stage, and what is lost when it is suppressed.

This review asks the second set of questions. It is organised around four of
them, and the finding common to all four is that the field has largely not
asked them.

1.2 The four questions

What does the enzyme do? Part I sets out the biology of cGAS that is not
signalling. Most of the protein in a cell is nuclear and chromatin-bound. 'In
that location it suppresses homologous recombination, slows replication forks,
binds the poly-ADP-ribose chains made at damage sites, and contributes to
maintaining heterochromatin. Where the question has been asked with
defined mutants, these functions require DNA binding and not catalysis,
which means they are not the sensing pathway running at low level — they are
a different job. 23

What activates it? Part II asks which DNA species is the ligand in the
Alzheimer's brain. The honest answer is that nobody knows, because nobody
has isolated it. The enzyme is activated cooperatively and in a
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length-dependent manner, and is strongly potentiated by proteins that bend
DNA 4, %, so a candidate ligand is specified only when its length, its protein
associations and its compartment are specified. No candidate in this literature
has been specified to that standard.

Which cell? Part III asks where the enzyme that matters resides. Nearly all
disease work is microglial and two independent conditional knockouts
support that. % The neuronal case rests on one unreplicated study. 7 The
argument that neurons are a special case — because the restraints on the
enzyme are tied to cell division and neurons do not divide 8 _ is strong and
untested.

Can it be drugged in a brain? Part IV assesses the target as a medicinal
chemist would. The answer is that the molecule needed to test the hypothesis
in a human being does not exist.

1.3 Why the synapse remains the endpoint

The quantity a mechanistic account must ultimately explain is synaptic loss,
which tracks cognitive impairment more closely than plaque or tangle
burden. ° That constraint does not favour any particular upstream
mechanism; it says only that an account which changes a pathological
measurement while leaving function unchanged has not yet explained the
disease. The best result in this field satisfies it: deleting the enzyme in a
tauopathy model preserved synapses and memory without altering tau
burden. '© That dissociation is the reason the target is taken seriously, and this
review takes it seriously too.

1.4 Conventions

This is a critical mechanistic review and experimental synthesis, not a
systematic review and not a report of new data. It considers primary literature
through 10 September 2026.

Established denotes a result reproduced by independent groups in a
named system, with the system stated. Proposed denotes an integration
offered without direct test. Unevidenced denotes a step the argument requires
for which no study was found. Contradicted denotes a step for which the
primary evidence points the other way. Corrections, retractions and failed
replications are cited where the claim is made rather than deferred; three
matter especially here, and are flagged in Chapters 10, 12 and 19.


https://doi.org/10.15252/embr.201744017
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Nomenclature: the human gene is CGAS, formerly MB21D1 and C6orf150;
the adaptor gene is STINGI1, formerly TMEM173. 112 Throughout, the enzyme
means cGAS and the adaptor means STING, because a central claim of this
review is that the two have been conflated and that much of what is attributed
to the pathway belongs to one component or the other.

The account in use

misplaced cGAS L, cGAMP L, STING __, interferon | = synapse lost
DNA
one property: on or off

The protein it describes

NUCLEUS - where most of the protein is CYTOSOL

chromatin tethering on the nucleosome acidic patch condensation
gel-like; protects its own DNA

repair modulation binds PARPI; alters end joining cGAMP synthesis
the canonical output
fork deceleration a roadblock on the replisome . .
autophagy interaction
binding, catalysis off
heterochromatin maintenance null mice age prematurely
\ J \ J

no catalysis required ( catalysissrequired )
A

‘[ every inhibitor class in development

And the cell
microglia neurons any brain cell
two inducible conditional knockouts one viral knockdown study, no nuclear function ever examined
unreplicated
established in a named system - === required by the account; no study found

Figure 1. The account used in the disease literature treats cGAS as a switch between misplaced DNA and
interferon. The protein it describes is predominantly nuclear and chromatin-bound, where it modulates
repair, decelerates replication forks and helps maintain heterochromatin. Only the cytosolic arm produces
the second messenger, and only that arm is what cur;ent inhibitors are designed to stop. Sources: 12350,

10
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2. What the Enzyme Is

*

2.1 The discovery architecture

The pathway was assembled from the middle outwards. The adaptor was
identified first, by expression cloning, and was known to facilitate interferon
induction before anyone knew what activated it. ® Five years later two
companion papers supplied the upstream half: an enzyme activated by
double-stranded DNA, and the cyclic dinucleotide it makes. 415 The
messenger has an unusual mixed-linkage chemistry that distinguishes it from
bacterial cyclic dinucleotides and gives it high affinity for the adaptor. 16

Three molecular roles must be kept apart, and conflating them is the
commonest error in the applied literature. Double-stranded DNA activates the
enzyme. ATP and GTP are the substrates. The cyclic dinucleotide is the product.
DNA is not consumed and is not incorporated, so a measured quantity of DNA
does not correspond to a quantity of messenger, and the relationship between
the two is neither linear nor fixed.

2.2 Activation is cooperative, length-dependent and geometric

Structures showed that DNA binding produces an activating conformational
change, with a zinc-containing element recognising the duplex and the
catalytic core becoming competent. 17 An independently determined human
structure placed the enzyme in the nucleotidyltransferase family alongside
the RNA-responsive oligoadenylate synthetases, which is why
second-messenger production is intrinsic to recognition rather than
appended to it. 18

Activation is not a binary occupancy event. It requires DNA-induced
oligomerisation 19 scales with duplex length across three orders of
magnitude 4 and is strongly potentiated by proteins that bend DNA into the
geometry that permits enzyme-DNA ladders to form. > Two further
DNA-binding interfaces beyond the primary one contribute. 20 21

The consequence is a constraint this review will apply repeatedly. A
candidate ligand is not specified by naming a source. It is specified by length,
by topology, by which proteins are bound to it, and by compartment. Two

11
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DNA preparations of identical mass and identical sequence can differ by
orders of magnitude in their capacity to activate this enzyme.

2.8 The human enzyme is not the mouse enzyme

One structural fact governs the interpretation of nearly every animal
experiment in this literature, and it is routinely omitted. Two human-specific
substitutions in the DNA-binding surface impose strict long-DNA-length
specificity and sharply reduce messenger output relative to other mammalian
orthologues. 22 The human enzyme is the less efficient, more discriminating
version.

Three consequences follow. A DNA species that activates mouse cGAS may
be below the threshold for human cGAS. An inhibitor optimised against one
orthologue may be inactive against the other, which Chapter 20 shows has
happened repeatedly. And the difference is in the DNA-binding surface,
which is precisely where the DNA-competitive inhibitors bind. Simulation
work localises the divergence to differing dominance of the binding surfaces
during activation. 23

2.4 Condensation: the enzyme has a physical state

DNA binding drives the enzyme into condensates, and condensation is
required for efficient signalling rather than incidental to it. 24 The condensate
concentrates enzyme and substrate, protects the bound DNA from the
principal cytosolic exonuclease 25 and — in the most detailed reconstitution
available — behaves as a gel rather than a liquid, restricting the mobility not
only of DNA but of nucleotide substrates and of the reaction intermediate
itself. 26 Whether the active state is gel-like or flowable is genuinely disputed,
with one group reporting that the disordered amino terminus liquefies
otherwise solid aggregates and restores catalysis. 2

Condensation is emphasised here because it makes the enzyme's
behaviour non-linear in ligand concentration. Below a threshold there is
binding without condensation and therefore without much output; above it,
the complex protects its own stimulus and extends its own lifetime. An
enzyme with this property does not behave like a switch, and it does not
behave like a simple dose-response element either.

12
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2.5 Convergence downstream, and what it costs the argument

The adaptor recruits a kinase and a transcription factor through a
phosphorylation motif shared with two structurally unrelated adaptors
serving RNA sensing and Toll-like receptor signalling. 28 The pathway also has
an interferon-independent output through membrane trafficking and
autophagy. 29 And the messenger moves between cells, so the cell that senses
need not be the cell that responds. 30

Each of these is a measurement problem. Because three arms converge on
one transcription factor, an interferon-stimulated gene signature in tissue
does not identify the sensor that produced it, and every inference from
signature to enzyme requires a genetic or pharmacological bypass. Because
the pathway has a non-interferon output, suppressing the enzyme removes a
function as well as a signal. And because the messenger diffuses, a tissue
measurement combines the sensing and responding cells into one number.
Part III returns to all three.

13
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*

Part I

The Enzyme

What cGAS does besides making a second messenger, and why
almost none of it requires catalysis

*

14
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3. The Enzyme Lives in the Nucleus

*

3.1 A fact that reframes the target

The name assigned to this protein locates it in the cytosol, and the disease
literature follows the name. The measurement does not. Endogenous cGAS is
predominantly nuclear, in every cell-cycle phase and whether or not the cell
has been stimulated, and it is held there by tight association with chromatin
rather than excluded from the nucleus by sequestration elsewhere. !

This is not a minor correction of a diagram. It means the default state of
the protein is bound to the very polymer it is supposed to detect, in the
compartment containing nearly all of it, and that the whole problem of
self-tolerance is a problem of inhibition rather than of separation. It also
means that any account of what the enzyme does must explain what it is doing
in the nucleus for the great majority of its residence time.

3.2 How the chromatin brake works

Five groups determined the structural basis within months of one another,
which makes this one of the more securely established facts in the field. The
nucleosome inhibits the enzyme by binding the acidic patch formed by the
histone H2A-H2B dimer, which buries one of the enzyme's DNA-binding
surfaces and blocks assembly of the active dimer. 31, 32, 33, 34 A correction to
one of these reports was subsequently published. 35 A further structure shows
two enzyme monomers bridging two nucleosome particles rather than

engaging one, a geometry that is architectural rather than catalytic. 36

A second restraint operates through competition: a small DNA-binding
protein at the nuclear envelope outcompetes the enzyme for exposed DNA
and prevents activation when the envelope is breached. 87

A third operates through the cell cycle, and it is the one that matters most
for this review. During mitosis, when the nuclear envelope disassembles and
chromatin and enzyme are in the same space with no membrane between
them, two parallel restraints hold the enzyme inert: a mitotic kinase
phosphorylates it, and nucleosome tethering inhibits it. 8 This is the best
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mechanistic account of self-tolerance available, and every element of it is tied
to a process that a neuron never undergoes. Chapter 17 takes that up directly.

3.8 Where in the nucleus, and on what

The enzyme is not uniformly distributed on chromatin. Sequencing of
enzyme-associated chromatin, together with a tagged knock-in mouse,
showed preferential association with centromeric satellite DNA and, to a lesser
extent, repeat elements, with the non-catalytic amino-terminal domain
governing both nucleocytoplasmic partitioning and this enrichment. 38 The
same study found that nuclear enzyme does make messenger, but roughly
two hundred-fold less than after cytosolic DNA delivery. A published erratum
accompanies the paper. 39

This remains, as Chapter 9 will note, the closest anyone has come to
identifying the DNA this enzyme actually holds — and it was done in
dendritic cells and cancer lines.

3.4 How it gets there, and the disagreement about that

Three distinct triggers for nuclear import have been proposed by three
groups. One reports damage-induced, importin-dependent translocation
released by loss of a tyrosine phosphorylation that otherwise retains the
enzyme in the cytosol. 40 A second reports that the enzyme is simply nuclear
at baseline and the question of import is misframed. L' A third reports a
kinase-driven serine phosphorylation that drives import in a cancer setting. 4l

These are not reconcilable as stated. The field does not agree on how the
enzyme enters the nucleus, which is an awkward position for a literature that
increasingly attributes function to it once it is there. A focused review of the
nuclear literature is candid that the non-canonical function remains poorly
understood. 42
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4. Slowing the Fork, Blocking the Repair

*

4.1 The founding claim and the two that followed

The first report that nuclear cGAS does something other than sense described
it as pathogenic: damage-induced nuclear enzyme binds PARPI through
poly-ADP-ribose, obstructs the PARPI-Timeless interaction, and suppresses
homologous recombination, promoting tumorigenesis. 40 The result was
independent of interferon induction, which is what made it a claim about a
second job rather than about signalling.

Two subsequent studies reproduced the phenomenon and disagreed with
the mechanism, and in one case with the direction.

The more complete dissection combined cells, purified proteins and mice.
It found that the enzyme inhibits homologous recombination and delays
break repair, that a catalytically dead enzyme does so as well as wild type, that
DNA-binding and oligomerisation mutants do not, and that the adaptor is
dispensable both in cells and in irradiated animals. The proposed mechanism
is physical: purified enzyme compacts template DNA and blocks RAD51
filament strand invasion, with or without nucleotide substrates present. The
authors state explicitly that their mechanism differs from the founding
account, and that co-isolation of the enzyme with repair proteins reflects
shared chromatin rather than specific complexes.

The third study addressed replication rather than repair. Loss of the
enzyme accelerates fork progression, causes premature restart after stalling,
and destabilises stalled forks; the enzyme co-purifies with replisome
components in a DNA-binding-dependent manner and acts as a physical
roadblock without disassembling the machinery. Catalysis, phase separation
and dimerisation were all dispensable; nuclear entry and DNA binding were
required. ® That paper reports, contrary to the founding account, that cells
lacking the enzyme are more sensitive to radiation and damaging agents across
several untransformed and transformed lines — that is, the enzyme is
genome-protective in their hands rather than tumour-promoting.
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4.2 An unresolved dispute, and how to cite it

No published correction, retraction, rebuttal or Matters Arising resolves this.
The disagreements exist inside the discussion sections of the papers
themselves. A review of the field should therefore not present "nuclear cGAS
inhibits DNA repair" as a settled mechanism with a known polarity. What is
established is that nuclear cGAS binds chromatin at damage sites and changes
the kinetics of repair and replication. Whether the net effect is protective or
destabilising depends on the system, and the two most rigorous studies
disagree.

4.3 The rest of the repair interface

Several further interactions have been described, and they do not form a
single picture.

The zinc-finger domain binds poly-ADP-ribose and inhibits PARPI
activation, restraining an error-prone end-joining route and thereby
favouring accurate repair — a polarity opposite to the founding account. 43 A
complex with a core end-joining factor promotes the classical route while
transcriptionally repressing the polymerase that drives the alternative one,
which would make the enzyme a promoter-bound transcriptional
repressor. A crotonylation mark on a DNA-binding residue is removed after
irradiation, lowering DNA affinity and releasing PARPl, restoring
recombination — control by post-translational modification of the binding
surface. 4°

In the opposite direction, the MREIll-containing repair complex binds
nucleosome fragments and displaces the enzyme from the acidic patch,
mobilising it for activation. 46 This is the repair machinery releasing the
enzyme, not the enzyme inhibiting the repair machinery; the two directions
are frequently conflated in secondary literature and should not be.

Two toxicological studies reproduce the
nuclear-translocation-and-repair-suppression model in non-cancer human
cells with mutation-frequency and tissue endpoints. 47 48 A recent review
synthesises the whole interface. 49
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4.4 The constraint that matters for a neuron

One detail decides whether any of this can transfer to the disease under
discussion. Homologous recombination operates in S and G2 phase and
requires a sister chromatid as template. The recombination-suppression effect
is accordingly abolished when cells are arrested before replication. A neuron is
permanently post-mitotic, performs no homologous recombination, and has
no sister chromatid.

The best-characterised non-canonical function of this enzyme therefore
cannot operate in the cell type at the centre of this disease, at least not as
published. That does not exclude a neuronal version of the phenomenon
acting on a different repair route — non-homologous end joining,
single-strand break repair, or transcription-coupled repair, all of which
neurons use heavily. It does mean that citing the recombination literature as
though it applied to neurons is an error, and Chapter 8 returns to it.

5. Binding, Not Catalysis

*

5.1 Why the distinction is the crux

If the enzyme's damaging activity in a tissue required catalysis, an active-site
inhibitor would abolish it, and the therapeutic programme of Part IV would be
coherent. If the damaging activity required only DNA binding, an active-site
inhibitor would leave it untouched, and the programme would be aimed at
the wrong property of the protein.

This is not a fine point. It is the difference between a target and a
mistarget, and it has been answered, for several functions, in the negative.
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5.2 What the mutants show

Where defined mutants have been used, the pattern is consistent. For
inhibition of homologous recombination, a catalytically dead enzyme
performs as well as wild type, while DNA-binding and oligomerisation
mutants lose the activity, the adaptor is dispensable, and adding the
messenger exogenously does nothing. 2 For fork deceleration, a
synthesis-dead construct, a condensation-deficient construct and a
dimerisation-dead construct all rescue, while nuclear-entry-dead and
DNA-binding-dead constructs fail even when import is forced. 3 For
heterochromatin maintenance, the authors state the function is independent
of both sensing and catalysis. 50 For the poly-ADP-ribose interface, the
mechanism is ligand binding by the zinc-finger domain. 43 For the
crotonylation switch, the controlled variable is DNA affinity by
construction. *°

Against this, the founding paper's catalytic requirement is not established
to the same standard: independence from interferon is shown, but no
adaptor-knockout epistasis is reported and the mutant evidence is not
presented with the rigour of the two later studies. 40

The defensible summary is narrow and worth stating precisely. Where it has
been tested with defined mutants, the DNA-repair and replication functions of cGAS
require nuclear entry, DNA binding and — for recombination suppression —
self-oligomerisation, but not messenger synthesis.

5.3 Cytosolic functions that also bypass the adaptor

The same pattern appears outside the nucleus. A direct interaction with a core
autophagy protein suppresses messenger synthesis while promoting
autophagic clearance of cytosolic DNA — a function performed by binding,
with catalysis actively switched off. Sl In liver ischaemia-reperfusion,
side-by-side genetics dissociate the two components cleanly: animals lacking
the enzyme fare worse while animals lacking the adaptor do not. 2 In
pancreatic beta cells, both global and cell-restricted enzyme knockouts
increase cell mass while adaptor knockout does nothing, with the effect
running through a transcription factor. 53 In a cancer setting, nuclear enzyme
stabilises a transcriptional co-activator by disrupting its ubiquitination, again
explicitly adaptor-independent. 4l
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And in one setting the pathway produces output without transcription at
all: during mitotic arrest, slowly accumulating activated transcription factor
kills cells by acting on the mitochondrial apoptotic machinery rather than on
DNA, independently of its DNA-binding domain. 54

5.4 What this does to the therapeutic question

Every clinical-stage inhibitor of this enzyme, and every tool compound in the
neurodegeneration literature, is an inhibitor of catalysis — competing at the
nucleotide site, at the DNA-binding surface, or covalently at the active site.
Chapter 20 sets out the chemistry.

If what harms the ageing brain is the enzyme's catalytic output, those
compounds are appropriate. If it is chromatin occupancy, repair interference
or condensate formation, they are not, and a DNA-competitive compound
might even be the only class with a chance, since it targets the property the
non-canonical functions require. No study in brain has distinguished these
possibilities, and no compound programme has been designed around the
distinction.

6. Condensation as a Physical State

*

6.1 The state, not the switch

Condensation deserves its own chapter because it is the clearest illustration of
why a switch model fails. The enzyme and DNA form a condensed phase, and
that phase is required for efficient signalling. 24 What the phase does has since
been characterised with some precision.

The condensate protects bound DNA from the principal cytosolic
exonuclease, so the complex extends the lifetime of its own stimulus — a
positive feedback that has nothing to do with how much DNA arrived. % In
the most detailed reconstitution available, dimerisation on duplex DNA
creates a mesh that behaves as a hydrogel rather than a liquid; only duplex
DNA permits the dimerisation that produces the gel, and single-stranded RNA
or short duplexes dissolve it. Critically, the gel restricts the mobility of the
nucleotide substrates and of the linear reaction intermediate, meaning
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condensation is a kinetic microenvironment and not merely a concentrating
device. 2°

An unresolved disagreement sits here. Another group reports that the
disordered amino-terminal region sets the material properties, with
full-length enzyme forming flowable droplets while the catalytic domain
alone forms solid aggregates of compromised activity, the disorder restoring
both flow and catalysis. %7 Gel-active and flow-active are not the same claim,
and the field has not settled it.

6.2 The threshold, and what it implies for a tissue

Both accounts agree on the consequence that matters. Output is a steeply
non-linear function of ligand quantity and quality, because below a threshold
there is binding without a productive phase, and above it the complex both
concentrates the reaction and defends its substrate.

For a tissue argument this is decisive. A modest, chronic supply of DNA
distributed across many cells may produce almost nothing, while the same
total quantity concentrated at a threshold in a few cells produces a sustained
response. Bulk measurement of a tissue cannot distinguish these, and every
measurement in the Alzheimer's literature is a bulk or amplicon
measurement.

A further refinement: single-droplet charge measurement shows that
identical condensates partition into two electrostatic populations with
different susceptibility to nuclease digestion, and that two pathogenic human
variants abolish this control. °> The method is new and unreplicated, but it
suggests the condensate has internal states rather than one state.

6.3 Has this ever been seen in tissue?

Once, convincingly, and not in brain. Tyrosine-phosphorylated enzyme
binding a myosin light chain drives condensation in lung vascular
endothelium, with re-expression experiments in enzyme-deficient mice
showing the condensation-dependent function operates in vivo. %6 There,
condensation serves canonical interferon output, so it is evidence for the
physical state in tissue rather than for a nuclear role.

The single study examining a condensate phenotype in brain is a mouse
toxicology model in which lead and hypertensive exposure promote
condensation in prefrontal cortex with astrocytes as the susceptible cell. 5 The
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condensate disruptor used is notoriously non-specific, the readout is
senescence markers rather than repair or chromatin, and no enzyme mutants
or adaptor epistasis were included. It should not be over-read.

7. The Premature Ageing of the cGAS-Null
Mouse

7.1 An inconvenient animal

A therapeutic proposal to inhibit an enzyme lifelong in an elderly population
acquires a particular obligation when the animal lacking that enzyme ages
badly.

Mice without cGAS show shortened median lifespan, increased frailty,
multi-organ inflammation, derepression of repeat elements, DNA
hypomethylation, a smoothed repressive chromatin landscape and increased
chromatin accessibility. The authors attribute this to a role in maintaining
heterochromatin organisation that is independent of both the cytoplasmic
sensing function and catalysis. 50

The result is recent, from one group, and contains no brain-specific
analysis. It should not be treated as settled. But it is the only whole-animal
lifespan experiment on this gene, and its direction is opposite to the
therapeutic premise.

7.2 Converging evidence for a structural role

It does not stand alone. In vertebrate genetic models of two
genome-instability syndromes, disrupting the enzyme partially rescued
germline failure, hepatic senescence and cerebellar neuroinflammation, and
reversed cellular hallmarks of instability including micronucleus frequency
and the repressive chromatin landscape — while loss of the enzyme on an
otherwise normal background worsened pathology. %8 The same dual polarity,
in a whole organism.

In regulatory T cells, nuclear enzyme recruits a genome organiser to
specific loci through chromatin interaction, sustaining a developmental
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programme, with cell-restricted knockouts and explicit demonstration that
the adaptor is not involved. °° This is the clearest single demonstration that
the protein can act as a genuine chromatin and genome-architecture factor.

And the senescence literature contains a result of the same shape from the
other direction: deleting the enzyme accelerates spontaneous immortalisation
of primary fibroblasts, a proliferative rather than cytokine phenotype. %0 The
canonical account, that cytoplasmic chromatin fragments drive the secretory
phenotype through the adaptor, remains the baseline against which these are
judged. 61

7.3 What a therapeutic programme has to answer

Three things follow, and none of them is currently answerable.

Whether the protective chromatin function operates in a neuron — a cell
whose heterochromatin organisation deteriorates with age and whose repeat
elements become derepressed, as Chapter 12 describes. Whether an active-site
inhibitor spares that function, which on the mutant evidence of Chapter 5 it
plausibly would, since the function does not require catalysis. And whether
chronic partial inhibition in an elderly human being reproduces any part of
the null-mouse phenotype, which no programme has been designed to detect.

The honest position is that inhibiting this enzyme may be safe precisely
because the harmful function is catalytic and the protective one is not. That
would be a fortunate arrangement and it has not been demonstrated.

8. None of This Has Been Tested in a
Neuron

8.1 The search, and its result

The preceding five chapters describe a substantial and partly contradictory
literature on what cGAS does besides signalling: nuclear residence, chromatin
tethering, repair interference, fork deceleration, poly-ADP-ribose binding,
transcriptional repression, heterochromatin maintenance, condensation as a
kinetic state, and several adaptor-independent cytosolic interactions.
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Systematic searching across multiple query formulations located no study
examining any of these functions in a neuron, in glia, in brain tissue, or in any
neurodegeneration model. Every brain-related primary paper retrieved
concerns the canonical route from DNA through the adaptor to interferon.

Three studies approach the boundary without crossing it. The mouse
toxicology study of condensation in prefrontal cortex, with its non-specific
pharmacology and senescence readouts. 57 The killifish genome-instability
models, which include a cerebellar inflammatory readout but whose
chromatin analyses are not brain-specific. % And a brain-specific negative
result: in a mouse model of a genetic interferonopathy caused by defective
ribonucleotide excision repair, the cerebellar phenotype is rescued by
deleting p53 but not by deleting the enzyme, implicating damage signalling
rather than sensing. %2 That study tests the canonical contribution and finds it
dispensable; it does not test the nuclear functions.

8.2 Why the gap is not merely an omission

Two features of the neuron make this more than an unfilled square on a grid.

The restraints are wrong for the celll The dominant account of
self-tolerance rests on mitotic phosphorylation and nucleosome tethering,
and the phosphorylation arm is explicitly mitosis-linked. 8 A cell that never
divides never experiences the condition those restraints evolved to manage,
and never receives the mitotic phosphorylation. Whether the tethering arm
suffices alone, over eighty years, in a nucleus whose lamina erodes, is the
question — and it has not been asked in a neuron. Chapter 17 develops it.

The best-characterised function is unavailable to the cell. Homologous
recombination requires a sister chromatid; a neuron has none. The
recombination-suppression function cannot operate there as published, so if
nuclear cGAS matters in a neuron it must matter through a different route:
end joining, single-strand break repair, transcription-coupled repair, or
chromatin maintenance. Neurons carry a permanent, site-specific
single-strand break load at enhancers 63 and deliberately generate
double-strand breaks at promoters as a transcriptional mechanism 64 5o the
substrate for such a route is abundant. Nobody has looked.
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8.3 The shape of Part I's conclusion

The enzyme at the centre of this disease hypothesis has a job description that
the disease literature does not use. Most of the protein is nuclear. Several of its
activities require binding rather than catalysis, which is the property that
current drugs do not target. Losing it shortens the lifespan of a mouse. And
none of this has been examined in the cell type whose loss defines the disease.

That is not an argument that the canonical pathway is unimportant.
Chapter 15 will show it is well supported in microglia. It is an argument that
the target has been characterised in the wrong compartment, and that the
experiments needed to decide the question are straightforward and have not
been done.
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What defined mutants show each function requires

O
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replication fork deceleration Chen 2020 ' X : v X X
heterochromatin maintenance Martinez 2026 1 X : v 2 X
poly-ADP-ribose binding Yang 2025 E X i ? ? X
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what the inhibitors target
nucleotide site, DNA surface, covalent

The consequence

if the harm is catalytic if the harm is occupancy
the chemistry is right, and the nuclear functions are every compound in development addresses the wrong
spared property

No experiment in brain has distinguished them.

Figure 2. Each row is a reported function; the columns record what defined mutants show it requires.
Where the question has been asked, the nuclear functions need DNA binding and oligomerisation but not
messenger synthesis. Every inhibitor class in development targets catalysis, which is the column the
nuclear functions do not depend on. Whether that makes inhibition safe or misdirected is the most
consequential open question in this review. Sources: 23,50, 43,180
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*

Part I1

The Ligand

Which DNA actually activates the enzyme in the Alzheimer
brain, and why no one has ever held it

*
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0. The Ligand Has Never Been Identified

*

9.1 A missing experiment at the centre of a field

For an enzyme whose activation is the premise of a disease hypothesis, one
experiment is foundational: isolate the enzyme from the diseased tissue,
recover the DNA bound to it, and determine what that DNA is.

It has not been done. Systematic searching located no study that has
sequenced, size-resolved or otherwise directly characterised the DNA bound
to cGAS in a neuron, a microglial cell, a brain organoid, or human or mouse
brain tissue. The nearest approach in any system 1is chromatin
immunoprecipitation of nuclear enzyme in dendritic cells and cancer lines,
which profiles chromatin occupancy rather than the activating cytosolic
ligand. 38

Every ligand claim in the Alzheimer's literature is therefore inferential,
and rests on one of three proxies: polymerase chain reaction of one or two
amplicons in a cytosolic fraction, antibody staining for double-stranded DNA,
or pharmacological and genetic epistasis. None of the three specifies a
molecular species.

9.2 Why the proxies are insufficient for this particular enzyme

For most receptors, establishing that a ligand class is present would be
reasonable evidence. For this enzyme it is not, because the activation function
is steep in properties that the proxies do not measure.

Amplicon quantification reports that sequence from a given genome is
present in a fraction. It cannot distinguish a complete sixteen-kilobase
mitochondrial genome from a two-hundred-base-pair fragment, and the
enzyme's response to those two differs by orders of magnitude given the
length dependence. 4 It cannot detect protein association, and DNA-bending
proteins strongly potentiate activation by folding the duplex into the
geometry that permits enzyme-DNA ladders. % It does not establish that the
material is free in the cytosol rather than inside an intact organelle carried
through with the fraction, a control almost never included. And it says
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nothing about whether the local concentration reaches the condensation

threshold, below which there is binding without productive output. 24 26

Antibody staining for duplex DNA is worse: it reports presence and
approximate location, and discriminates neither length, nor protein
association, nor origin among nuclear, mitochondrial and reverse-transcribed
sources.

Epistasis is the strongest of the three and still does not identify a species.
Showing that a phenotype requires the enzyme establishes that some ligand
engages it. It does not say which.

9.8 What would count as identifying the ligand

The standard is not unreasonable and has been met in other systems. Four
properties must be specified together.

Identity — the sequence class: mitochondrial, nuclear genomic,
reverse-transcribed complementary DNA, or exogenous. Length distribution
— because the activation function is length-dependent, and because the
human enzyme is the more length-discriminating orthologue. 22 Protein
association — whether the DNA is naked, nucleosomal, or bound by bending
proteins, since nucleosomal DNA is inhibitory 3l while
nucleoid-protein-bound DNA is activating. S Compartment and concentration
— free cytosolic, membrane-enclosed, or extracellular, and at what local
density relative to the condensation threshold.

A candidate specified to that standard has a testable prediction:
reconstituted with purified human enzyme, it should produce messenger at
the observed rate. No candidate in this literature has been specified to that
standard, and Chapters 10 to 18 examine each in turn against it.

9.4 The negative constraint from cerebrospinal fluid

One quantitative measurement bears on the premise that misplaced DNA is
abundant in this disease, and it runs the wrong way. Cell-free mitochondrial
DNA in cerebrospinal fluid is significantly decreased in sporadic disease, in
asymptomatic at-risk subjects and in presymptomatic mutation carriers, with
a validation cohort. % Standardised quantification places both nuclear and
mitochondrial cell-free DNA in disease and control fluid below roughly one
hundred genome copies per millilitre. 66
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Two escapes remain open and neither has been closed. Cerebrospinal fluid
is not parenchymal interstitial fluid, and no measurement of the latter exists.
And a geometric, threshold-dependent mechanism is compatible with a low
bulk average and a high local concentration. Both are legitimate; both are
hypotheses about unmeasured quantities.

10. Mitochondrial DNA and the Species
Problem

10.1 The leading candidate

Mitochondrial DNA is the most frequently invoked ligand, and the reasons are
good. The organelle genome is bacterial in ancestry, present in thousands of
copies, packaged by a protein that bends DNA in exactly the way that
potentiates this enzyme, and released by damage of the kind this disease
features. Depleting the nucleoid protein causes genome escape and primes the
sensing pathway. 67 The benchmark tauopathy experiment identifies cytosolic
mitochondrial DNA as the trigger. 10

The problem is not whether mitochondrial DNA reaches the cytosol. It is
what arrives.

10.2 Four release routes, four different products

Macropores formed by the apoptotic effectors permit inner-membrane
herniation carrying matrix contents including the genome, imaged live. 68 A
partly competing account emphasises sequential outer- then inner-membrane
permeabilisation. %9 An oligomeric channel releases fragments rather than
whole genomes. 0 And replication stress drives disposal of enlarged, still
protein-bound nucleoids through endosomes that subsequently rupture. n

That last route is the most informative for the present question, because it
is the only one in which the released species was characterised at all: intact
nucleoids with their bending protein still attached — which is to say, the form
most likely to activate this enzyme. It was demonstrated in human embryonic
kidney and cervical carcinoma lines.
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A fifth route is the most plausible in a long-lived cell that is not dying:
sub-lethal, chronic release through partial outer-membrane permeabilisation
during senescence, established in human fibroblasts and aged mice. 72 1t has
not been tested in neurons.

A cytosolic topoisomerase augments the interaction as a second
DNA-structuring cofactor, with release proceeding through a pore
mechanism. 73

10.3 What has been measured in a neural cell

Very little, and never the species. Cytosolic mitochondrial DNA has been
measured in primary cortical neurons and brain in a melatonin-deficiency
model with sensing readouts 74, in mouse hippocampus and microglia in an
anaesthetic model where pore blockade abolished both escape and pathway
activation 7°; and in a neuron-restricted proteasomal lesion where the

readouts were whole-brain immunoblots. /%

Every one of these quantifies by amplifying one or two mitochondrial loci
in a cytosolic fraction. None uses size fractionation, nuclease protection, or
any control for whole-organelle carry-over. The length, topology and protein
association of the released material in a neural cell are unknown.

A useful counterexample: in a microglial line, a lipid stimulus raised
cytosolic nuclear DNA and not mitochondrial DNA, with enzyme knockdown
blocking the response. 77 Microglial enzyme activation does not automatically
mean organelle DNA.

10.4 Two results that complicate the account

The first is directional. Engineered double-strand breaks in the mitochondrial
genome cause herniation that releases mitochondrial RNA, triggering the
RNA-sensing arm rather than this one. 78 Damaged-organelle herniation does
not necessarily produce a ligand for this enzyme, and attributing a brain
interferon signature to mitochondrial DNA requires excluding the RNA route,
which no study in this disease has done.

The second is a retraction. The principal in vivo claim that failed
mitophagy drives adaptor-dependent dopaminergic neuron loss was retracted
in 2025. 7 A substantial part of the narrative connecting mitochondrial
quality control to nucleic-acid sensing in neurodegeneration descended from
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that work, and reviews predating late 2025 that build on it require
independent support.

What survives in this disease specifically is that a release-competent pore is
engaged by mitochondrial amyloid in cortical neurons and that removing the
pore's regulator rescues cognition — a study that predates the enzyme's
discovery and measured no DNA release at all. 80 The inference is
retrospective, and it is the strongest disease-specific link available.

11. Micronuclei in a Cell That Does Not
Divide

*

11.1 The canonical route, and its gate

Micronuclei are the textbook endogenous ligand. The enzyme accumulates in
them after envelope rupture, linking genome instability to innate
immunity. 81 A companion study established the gate: the inflammatory
response to double-strand breaks requires passage through mitosis. 82
Rupture is permissive rather than sufficient — pre-existing chromatin marks
and intra-micronuclear transcription determine whether the enzyme is
recruited and whether output follows. 83

A post-mitotic neuron does not pass through mitosis. On the canonical
account, this route should be unavailable to it.

11.2 Except that neurons make micronuclei

The most surprising finding in this part of the literature is that they do. In
developing mouse neocortex, migrating post-mitotic neurons generate
micronuclei, release them into the extracellular space, and microglia take
them up, with loss of the enzyme blunting the resulting microglial change. 84
The phenomenon extends to the aged mouse brain, where nuclear envelope
fragility increases and micronuclei form in association with envelope
invagination before transfer to microglia. 85 Quantitative three-dimensional
imaging indicates neuronal micronucleus formation is not cell-autonomous
and occurs at low frequency. 86
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This is a genuinely important set of results, and it reframes the question. If
neurons export micronuclei to microglia, then a neuron's genomic damage
becomes a microglial ligand without any messenger transfer and without the
neuron ever sensing anything. That is a coherent mechanism, it uses the cell
type where the enzyme is actually abundant, and it is consistent with the
human genetic and expression data of Part III.

11.3 What is missing

No micronuclei have been reported in human Alzheimer's disease brain
tissue. The neuronal observations are in developing and aged mouse brain;
the human neural evidence is in brain organoids from a genome-instability
syndrome, where micronuclei accumulate and pathway inhibition suppresses
senescence, but the effect is attributed to astrocytes and the organoids contain
dividing progenitors from which the micronuclei may originate. 87

Nor has it been shown that neuronal micronuclei rupture, that the enzyme
is recruited to them, or that their DNA is of activating length and protein
composition.

11.4 The route that does not need mitosis

There is a second and mechanistically cleaner possibility for a post-mitotic
cell. Chromatin fragments can bud from an intact nucleus without any mitotic
event, and these cytoplasmic chromatin fragments activate the pathway and
drive the senescence-associated secretory phenotype. 88 Demonstrated in
fibroblasts and hepatocytes; never in neurons.

This is the route a neuron would have to use, and it has the additional
merit of connecting to a documented feature of neuronal ageing: erosion of
the nuclear lamina, with heterochromatin relaxation and derepression of
repeat elements, observed with single-nucleus resolution in aged primate and
human frontal lobe. 3 Tau drives the same lesion, uncoupling the
cytoskeleton from the nucleoskeleton and misregulating lamin, with causal
genetics in flies and confirmation in human tauopathy tissue.

A nucleus whose lamina is eroding, whose heterochromatin is relaxing and
whose envelope is invaginating is a plausible source of cytoplasmic chromatin.
No study has looked for cytoplasmic chromatin fragments in human
Alzheimer's neurons.
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12. Retroelement cDNA and the Case
Against It

12.1 An attractive hypothesis

The retroelement account is the most intellectually satisfying candidate.
Repeat elements are silenced by heterochromatin; heterochromatin fails with
age and under pathogenic tau; derepressed elements are reverse-transcribed;
the resulting complementary DNA is cytosolic by construction and is a
substrate of the exonuclease whose loss causes a human brain disease.

Each link has support. Senescence derepresses one element family and
cytoplasmic  complementary = DNA  triggers interferon, with a
reverse-transcriptase inhibitor reducing inflammation in aged mice. T A
companion study places the enzyme in the chain explicitly and shows
nucleoside analogues improve healthspan in a progeroid model. 92 Loss of the
cytosolic exonuclease causes accumulation of retroelement-derived
single-stranded DNA %2, and that exonuclease's loss in humans causes a severe
encephalopathy. 94 Pathogenic tau depletes the small RNAs that silence these
elements and drives their expression 9 confirmed across six hundred and
thirty-six human brains with expression scaling with tangle burden. 96 Lamina
erosion derepresses retroviral elements in aged post-mitotic neurons with an
activated sensing signature. 89

12.2 The disease-specific counter-evidence

Against this stands a direct measurement in the relevant tissue, and it points
the other way.

Long-read sequencing and enzymatic assays on thirty-one human cortices
found that canonical full-length bicistronic transcripts of the principal
element family are essentially absent, the overwhelming majority of detected
transcripts being non-coding, and that endogenous reverse-transcriptase
activity is lower in Alzheimer's disease than in aged non-demented controls. 97

If the element cannot make its own reverse transcriptase in the disease
tissue, the route from derepression to cytoplasmic complementary DNA is
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obstructed at its enzymatic step. The measurement is tissue-level and
therefore confounded by neuronal loss, and cytoplasmic complementary
DNA was not itself measured. But it is a direct assay of the required activity in
human disease cortex, and it is negative.

12.3 The preprint, and how to read it

The most directly on-point study for this disease is a preprint, not
peer-reviewed as of this cutoff. Using directly converted neurons from disease
donors — a model that retains donor-age signatures 9% _ together with spatial
transcriptomics, it reports that retroelement-derived cytoplasmic DNA
activates the pathway in post-mitotic neurons, with reverse-transcriptase
inhibitors, antisense oligonucleotides and enzyme inhibition producing
concordant effects. 9°

Three qualifications. The cytoplasmic DNA is inferred to be
retroelement-derived from pharmacological and antisense epistasis, not
sequenced — so it does not meet the standard of Chapter 9. The authors
themselves report no bulk difference in element expression between disease
and control neurons, the signal residing in a long-read single-cell subset. And
it is unreviewed.

12.4 Cell-type resolution, and a sensor that is not this one

Where the element is expressed in human disease brain has been resolved,
and the answer implicates microglia rather than neurons in the functional
follow-up of at least one study. Where retroelement nucleic acid has been
introduced into brain tissue and caused degeneration, the demonstrated
sensor was endosomal rather than this cytosolic enzyme, and the ligand was
RNA. And a systematic review of the retroviral literature in
neurodegeneration reports that findings vary substantially across element
families, models and detection methods.

The position, stated carefully: retroelement derepression in this disease is
well established at the transcript level; the reverse-transcription step required
to produce a DNA ligand is contradicted by the one direct measurement in
human disease cortex; and the connection to this enzyme in a neuron rests on
an unreviewed preprint using inference rather than isolation.
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13. Damage, Oxidation, and the
Competing Nucleases

*

138.1 Damage is abundant, and that is the problem

There is no shortage of DNA damage in the Alzheimer's brain. Double-strand
break markers rise focally in neurons and astrocytes from early stages 100 5
genome-wide map reports substantially more breaks in disease frontal cortex
with a distinct distribution '°, a repair factor is depleted in disease brain and
its knockdown causes breaks and memory deficits without cell death 102 and
oxidised bases are elevated in mitochondrial DNA in disease cortex '°% and in

both genomes already at the stage of mild cognitive impairment. 104

The difficulty is that damage is also abundant in the healthy brain, by
design. Neurons generate topoisomerase-dependent double-strand breaks at
specific promoters as a normal mechanism of early-response gene
induction %, under a regulated switch that positions them preferentially at the
nuclear periphery 105" and normal behaviour transiently raises neuronal break
counts in vivo, with an amyloid model showing higher baseline and slower
resolution. '°®  Post-mitotic neurons additionally sustain continuous
site—slggcific single-strand breakage at enhancers under permanent repair
load.

So "there are breaks in disease neurons" is a weak premise. Breaks are
physiological. What would matter is whether broken DNA leaves the nucleus,
and no study has measured that.

A methodological correction constrains the whole literature: diffuse
nuclear damage-marker staining is not associated with actual break ends,
which invalidates a large body of earlier quantification that equated marker
intensity with breakage. 100
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13.2 Does oxidation make a better ligand?

This is frequently asserted and is not established. The single primary study
bearing on it shows that oxidised DNA resists the principal cytosolic
exonuclease and potentiates adaptor-dependent sensing. 107 What it
demonstrates is nuclease resistance — a longer ligand half-life — not enhanced
catalysis by this enzyme, which was not assayed, the work predating most of
its biochemistry.

The defensible statement is therefore narrow: oxidation plausibly extends
ligand lifetime. Whether oxidised DNA is a better or worse substrate for the
enzyme itself has not been measured, in either direction.

13.3 The nucleases that compete

Any ligand's lifetime is set by the nucleases racing it, and this is where the
strongest human genetics in the field sits.

Loss of the principal cytosolic exonuclease causes a severe human
encephalopathy % with a phenotype spectrum correlating cerebrospinal fluid
interferon activity with disability 108 and mouse epistasis proves its substrate
is sensed specifically by this enzyme among candidates. 109 This is the
strongest natural experiment that unrestrained cytosolic self-DNA is
neurotoxic. It is a developmental encephalopathy, which limits extrapolation
to late-life degeneration.

The lysosomal nuclease that disposes of engulfed chromosomal DNA in
phagocytes causes sterile inflammation when lost in mice 110 and biallelic
human mutations define an interferonopathy — notably without a reported
central nervous system phenotype, which is a real limit on placing it centrally
in brain DNA clearance. ! An extracellular nuclease digests chromatin on
apoptotic-cell microparticles, establishing particle-bound extracellular
chromatin as a distinct compartment with its own disposal machinery. 112

Two mouse studies report that the lysosomal nuclease declines in ageing
and tauopathy, with neuron-restricted knockdown driving cytoplasmic
duplex DNA and tau phosphorylation through a kinase route independent of
this enzyme '3, and microglia-restricted knockdown activating the pathway
and causing complement-dependent synapse loss. 14 Both identify the DNA
by antibody staining alone, from one laboratory. A disease risk gene encodes a
further nuclease that degrades mitochondrial DNA and regulates nucleotide
signalling. 115
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No study measures the expression or activity of any of these nucleases in
human Alzheimer's brain with cell-type resolution.

13.4 Extracellular chromatin

One source of genuinely extracellular DNA inside the disease parenchyma is
documented: neutrophils extravasate near amyloid deposits and release
extracellular traps, with depletion improving memory in mouse models and
traps observed in human disease brain. ''® No study connects parenchymal
extracellular chromatin to enzyme activation in any cell.

138.5 Where Part II leaves the ligand

Every candidate has been examined and none is specified. Mitochondrial
release routes produce different products and none has been size-resolved in
a neural cell. The canonical micronucleus route is mitosis-gated, though
neurons make micronuclei and export them to microglia. The retroelement
route is contradicted at its enzymatic step by the one direct measurement in
human disease cortex. Damage is abundant but largely physiological, and
nobody has shown that broken DNA leaves the neuronal nucleus. Oxidation
extends lifetime rather than improving catalysis. And the bulk cerebrospinal
fluid measurement runs in the wrong direction.

The field has an enzyme, a disease, and a set of plausible substrates, and it
has never held the ligand in its hand.
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Aligand is specified by four properties, not by a source
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four release routes, four products v X X X
micronuclei
mitosis-gated; none seen in human tissue v X X v
cytoplasmic chromatin Vs x x x
the only mitosis-free route; never sought
retroelement cDNA
reverse transcription lower in disease v X X X
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present in parenchyma; never linked v X v v
(no enzyme-bound DNA recovered from brain)
cooperative and steep r N

why the proxies fail

an amplicon cannot tell 16 kb from 200
bp

an antibody cannot tell origin or length

activation

epistasis shows that a ligand exists

duplex length

Two preparations of identical mass and sequence can differ by orders of magnitude in what they do to this enzyme.
Figure 3. A candidate ligand is specified only when its identity, length distribution, protein association
and compartment are all known, because activation of this enzyme is cooperative and steeply

length-dependent. No candidate in the Alzheimer's literature has been specified to that standard, and no
enzyme-bound DNA has ever been recovered from brain tissue in any species. Sources: * ® 71,82 97,88
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*

Part 111

The Cell

Where the enzyme is, which cell the evidence actually concerns,
and the argument that a neuron is a special case

*
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14. Where the Enzyme Actually Is

*

14.1 The question that precedes every cell-type claim

Before asking which cell's enzyme matters, it is worth asking which cells have
much of it. The answer available from expression data is consistent and points
away from neurons.

In the single-cell classification underlying the Human Protein Atlas, the
enzyme is classified in brain as enhanced in leukocytes and central nervous
system macrophages, and the adaptor as group-enriched across pericytes,
choroid plexus epithelium, macrophages, leukocytes, fibroblasts and vascular
cells, with microglia the highest single-cell value. 17" Neurons appear in
neither enrichment list for either gene.

Three caveats belong with that, and they cut in both directions. The
classification is relative enrichment across aggregated datasets, not absolute
absence. The reference human brain atlas is nuclear rather than whole-cell
sequencing from three donors without disease, so low-abundance immune
transcripts in neurons sit near the detection floor and failure to detect is not
absence. ''® And droplet methods are particularly poor for low expressors,
which is why acutely purified populations sequenced in bulk are the more
trustworthy source for this specific question, being deep enough to reveal a
low but real signal and free of ambient contamination. 19

14.2 Species and region

Two further constraints apply before any mouse result is carried across.
Human and mouse glial transcriptomes diverge substantially, so cell-type
assignment of an innate-immunity gene does not transfer automatically 120,
and cross-species regional atlases are the appropriate check. 121 L aminar and
subclass denominators are available for testing whether expression is
restricted to a vulnerable neuronal population. 122 The canonical disease
single-nucleus dataset is where the question of whether expression moves

with pathology in neurons or microglia should be answered. 123
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14.3 What the expression data do and do not settle

They establish that the enzyme is myeloid- and vascular-enriched in brain,
and that if neurons express it they do so at levels near the limit of the
dominant measurement technology.

They do not settle the functional question, for a reason worth stating
explicitly. Enzyme abundance is a poor predictor of enzyme consequence
when the activation function is steeply non-linear and threshold-dependent,
as Chapter 6 established. A small quantity of enzyme concentrated on a locally
dense ligand can produce more output than a large quantity distributed
thinly. Low expression is a reason for scepticism, not a refutation.

15. The Microglial Case

*

15.1 What the strong version of this hypothesis looks like

The microglial account is the well-evidenced one, and setting it out plainly is
the only way to see how far short the alternatives fall.

The benchmark is a tauopathy study in which genetic ablation of the
enzyme, and separately its pharmacological inhibition, preserved synapses
and memory without altering tau burden, with mitochondrial DNA leakage
identified as the trigger and loss of a transcriptional resilience programme as
the consequence. 10 Necessity, a nominated ligand, a defined output, and
dissociation from the proteinopathy itself.

Around it: pathway activation contributes to pathogenesis in an amyloid
model %4, adaptor blockade alleviates microglial dysfunction and a broad
spectrum of pathologies in knock-in models with human post-mortem

expression support '2°; an independent upstream route reaches the same

pathway with inducible microglial depletion in vivo 126, two human risk
alleles combined with sex produce enzyme-dependent microglial senescence
in a tauopathy model 127, and the pathway drives ageing-related inflammation

and neurodegeneration in mouse genetics and pharmacology. 128

15.2 Cell-type attribution done properly

Two studies do what most do not: delete the gene in one cell type.
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An inducible microglia-restricted knockout of the enzyme crossed into an
amyloid model, with deletion timed to plaque onset, restricts plaque
accumulation and rescues cognition; the authors report the pathway
upregulation in disease is attributable primarily to microglia. 6 A validated
inducible microglia-restricted knockout of the adaptor attenuates cortical
inflammation, neuronal dysfunction and cognitive deficits after trauma. 129 1n
retina, global or microglia-restricted adaptor deletion rescues ganglion cell
degeneration, with the dying neuron two cells downstream of the sensor. 130

A third cell type has been claimed: one study reports astrocyte-restricted
deletion of the enzyme in a Parkinson's model, preventing astrocyte
senescence and dopaminergic degeneration through a downstream
transcriptional arm. 131 Whether that deletion was achieved by a genetic driver
or by viral knockdown could not be verified from the accessible record, and
the distinction matters for exactly the reasons set out in Chapter 16, so the
claim should be checked against the methods before being relied upon.

The inducible drivers used also label border-associated and peripheral
myeloid populations transiently, which is a real but manageable caveat. This is
nonetheless the standard of evidence the neuronal claim lacks entirely.

15.3 The human anchor

Two human observations support the microglial account specifically.

A protective human variant of apolipoprotein E, identified in a single
carrier who resisted autosomal dominant disease despite extreme amyloid
burden 132, confers resilience against tau pathology through inhibition of this
pathway in mouse, with an inhibitor of the enzyme phenocopying the variant
transcriptionally. 1*3 The human anchor is one genotype and the mechanism
is entirely murine, but no comparable tether exists for any other component
discussed here.

And in a different neurological disease, human surgical and post-mortem
brain tissue shows microglial pathway activation, with an inhibitor rescuing a
mouse model. '3* This is the strongest human-tissue evidence of central
pathway activation in any neurological condition, and it is microglial.

Downstream, the interferon arm is well characterised:
nucleic-acid-bearing amyloid fibrils are sufficient to produce an
interferon-stimulated gene signature and complement-dependent synapse

elimination, with human tissue correlation '%%; cell-type-restricted receptor
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deletion separates microglial from neural contributions to memory
impairment 3%, and the human stem-cell counterpart shows interferon

driving microglial dysfunction and senescence. 137

15.4 The limit of the microglial account

One human transcriptomic result constrains it. Comparing young, aged and
diseased human brain across four regions, roughly forty per cent of immune
probe sets changed with normal ageing while only about six per cent changed
in the transition to disease. '*® The innate immune shift in human brain is
predominantly an ageing phenomenon with a disease increment
superimposed, consistent with the interferon signature at the choroid plexus
in aged mice and aged human brain. 139

An account that presents this pathway as the disease's engine must explain
why most of the signal is present in people who never develop it. The likeliest
reconciliation is that the pathway sets a permissive background and that the
disease-specific increment is small — which is a coherent position, and a
difficult one for a therapeutic programme.

16. The Neuronal Case and the Paper It
Rests On

16.1 One study

There is exactly one published claim that neuronal cGAS matters causally in
Alzheimer's disease.

Viral delivery of a short hairpin against the enzyme under a neuronal
promoter, into an amyloid knock-in mouse, reduced downstream pathway
activation and inflammatory cytokines and rescued water-maze performance.
Supporting observations include proximity-ligation signal between the
enzyme and duplex DNA within neuronal nuclei in human disease
hippocampus, colocalisation of the activated adaptor with a neuronal marker,
and messenger and interferon-beta measured from primary hippocampal
cultures treated with glycated amyloid. 7
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It is the only in vivo, causal, neuron-directed loss-of-function test of this
enzyme in this disease, and it is worth taking seriously.

16.2 What it does not establish

Knockdown is not deletion: no floxed allele, no rescue arm, and no
quantification of residual enzyme. The viral capsid used is broadly tropic, and
although the promoter restricts expression, no sorting was performed to
exclude knockdown in glia. Primary hippocampal cultures routinely contain
glia and were not purified before the messenger and interferon
measurements, so the cellular origin of those readouts is not established.
Group sizes are small. The human evidence is proximity ligation and
immunofluorescence  colocalisation, both  vulnerable to antibody
non-specificity and — in tissue — to glial processes enveloping neuronal
somata. It is a single laboratory, published in late 2025, and no independent
group has reproduced it.

16.3 The experiment that does not exist

Searching  across  conditional-driver = nomenclature  located no
neuron-restricted conditional knockout of this enzyme, in any brain disease
model, in any species. The microglial field has two inducible cell-restricted
knockouts; the neuronal field has a viral hairpin.

Nor has the messenger ever been measured in a purified or sorted
neuronal population from brain tissue. The only regional measurement in
aged brain is bulk cortex 140 and the only neuronal measurement is from
unpurified cultures. 7

16.4 Neuronal adaptor biology is better evidenced — and it argues
against the neuronal enzyme

The adaptor has a substantially better neuronal literature than the enzyme,
and reading it carefully undermines rather than supports the canonical
neuronal claim.

In multiple sclerosis and its model, neurons induce the adaptor, and
glutamate excitotoxicity detaches it from a calcium-sensor partner to drive
signalling that is explicitly non-canonical and interferon-independent, degrading a
protective enzyme and causing ferroptosis, with neuron-targeted intervention
protective. Ul amyotrophic lateral sclerosis and frontotemporal dementia,
human post-mortem tissue shows adaptor-pathway activation selectively in
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the most vulnerable motor and cortical neurons. *2 In peripheral sensory
neurons, the best-controlled neuron-specific adaptor genetics anywhere — a
nociceptor-restricted gain-of-function allele — produces a neuronal
interferon-stimulated gene signature that reduces excitability and resolves
pain. 143 Deep evolutionary evidence points the same way: a neuron-intrinsic
adaptor function in insect brain that is autophagic and
interferon-independent. 144

So the neuronal adaptor literature describes a protein that is induced in
neurons, signals non-canonically without the messenger, and is sometimes
protective. None of it licenses the inference that a neuron runs the canonical
circuit from enzyme through messenger to adaptor to interferon in this
disease.

16.5 Neurons have innate tone — but the ligand is RNA

One further result deserves prominence because it addresses the underlying
intuition. Human neurons carry an intrinsically high load of
immunostimulatory duplex RNA arising from long untranslated regions. 145
Neurons are indeed unusually loaded with an endogenous innate-immune
ligand; it is simply not DNA, and it is sensed by helicases rather than by this
enzyme.

Consistent with this, central neurons appear to have evolved
cell-autonomous defences that bypass interferon altogether, using a
neuron-specific restriction factor rather than the standard machinery. ¢ A
cell that has evolved an interferon-independent defence is a cell that may be
keeping this pathway's output deliberately low.
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17. Post-Mitotic Self-Tolerance

*

17.1 The argument

The strongest reason to care about neuronal cGAS is not an experiment. It is
an argument from the structure of the restraint system, and it is sound.

The dominant account of self-tolerance rests on two parallel restraints
operating when the nuclear envelope is absent and chromatin and enzyme
share a compartment: mitotic phosphorylation by a cell-cycle kinase, and
nucleosome tethering. 8 The first is explicitly mitosis-linked. The second is
constitutive. 31, 1

A neuron never divides. It never receives the mitotic phosphorylation, and
it never experiences the envelope breakdown that the system evolved to
manage. It therefore depends on tethering alone, continuously, for eighty
years, in a nucleus whose lamina erodes with age, whose heterochromatin
relaxes, and whose envelope invaginates. 89 85

This is a specific, mechanistic reason to expect a post-mitotic cell to be a
special case for this enzyme, and it predicts a specific failure mode: not acute

activation by a burst of misplaced DNA, but slow erosion of a constitutive
brake.

17.2 The experiment that has never been done

Nobody has tested whether cGAS is nuclear-tethered, chromatin-bound or
nucleosome-inhibited in a neuron. The entire self-tolerance literature is in
dividing cells. The question of whether the tethering arm suffices alone over a
human lifespan has not been asked in any post-mitotic cell.

The reagents exist and the experiment is not difficult. Directly converted
human neurons retain donor-age signatures and are the appropriate model 98,
chromatin fractionation, proximity ligation and the structurally defined
tethering mutants are all available. What would be measured is the fraction of
enzyme that is chromatin-bound, how that fraction changes with donor age,
and whether it changes in disease.
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17.3 Why the prediction is testable and falsifiable

The argument makes a prediction that distinguishes it from the canonical
account. On the canonical view, activation follows ligand supply: measure
more cytosolic DNA, expect more output. On the tethering-erosion view,
output rises because restraint falls, and ligand supply may be constant or even
falling — which would reconcile the awkward observation that cell-free
mitoc&ondrial DNA is reduced rather than increased in disease cerebrospinal
fluid.

It also predicts that the relevant measurement is not how much DNA is in
the cytosol but how much enzyme is off its tether.

17.4 One result that fits, and its limits

The aged-brain result that comes closest is a mouse study in which the
enzyme and its messenger both rise in aged cortex without downstream
adaptor or transcription-factor activation, with increased duplex DNA
attributed to entorhinal neurons. 14°

Read against the canonical model this is anomalous: messenger is being
made and nothing follows. Read against the tethering model it is what one
would expect from a partial, subthreshold loss of restraint — enzyme freed
and catalytically productive, but not to the level that engages the downstream
cascade. The study is small, descriptive and uses no causal manipulation, and
it is the only measurement of the messenger in aged brain by region. It should
be treated as a pointer to an experiment rather than as a result.
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18. The Sensing Cell Is Not the Suffering
Cell

*

18.1 Three mechanisms of separation

A recurring error in this literature is to infer from a phenotype in one cell that
the pathway ran in that cell. Three well-documented mechanisms separate the
two.

The messenger diffuses and is transported. It spreads to bystander cells
through gap junctions 30 is imported by a folate transporter 147 and by
volume-regulated anion channels 148 _ the latter notable because the same
channel family is a major astrocytic release pathway in brain, making a
glial-to-neuronal conduit mechanistically plausible and entirely untested. In
neural tissue the only demonstration of messenger movement between cells is
through assembled gap junctions in brain metastasis 149 "and the only import
mechanism described in neural tissue is a purinergic receptor in retinal
microglia. 1°°

The ligand itself moves. Neurons export micronuclei that microglia take
up, converting a neuron's genomic damage into a microglial substrate without

any messenger transfer. 84 85

And the sensing cell can be removed from the measurement.
Pathway-driven apoptosis of brain immune cells acts as a brake on cerebral
interferon, which would silently delete the sensing population from any bulk
tissue assay. 1ol

18.2 Studies that got the attribution right

Several papers show how to do this, and they are worth naming because their
designs are the template for Chapter 27.

In a neuron-restricted transgenic model of amyotrophic lateral sclerosis,
the lesion is in the neuron and the interferon response, when localised, is in
astrocytes. 152 In herpes infection of brain, microglia are the main source of
induced interferon while the adaptor is redundant for cell-autonomous
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resistance in neurons and astrocytes — yet neuronal infection worsens in
whole-body adaptor-null animals, the paradigm case of a cell suffering from a
pathway it does not run. 153 In axon regeneration, applied messenger activates
the neuronal adaptor directly while in the peripheral arm the enzyme is
upregulated in Schwann cells and infiltrating cells that supply messenger to
the neuron. ®* A conditional mitochondrial lesion restricted to excitatory
neurons causes the damage while microglia execute the death. 155 And in a
human central interferonopathy, the most rigorous determination of which
cell suffers found an astrocytic source acting on cerebral endothelium, with
endothelial receptor ablation rescuing the disease — an answer nobody was
looking for. 156

Human stem-cell co-culture work shows pathway activation in the
neuronal compartment driving transfer of aggregates and damaged organelles
to microglia with bystander inflammation. 157

18.3 Studies that did not

The clearest illustration is a neuron-restricted proteasomal lesion producing
cytosolic mitochondrial DNA and pathway activation, where every sensing
readout is a whole-brain immunoblot — so the pathway could be running
entirely in reactive microglia. 76 The most cited application of this pathway in
neurodegeneration assembles its causal chain from cell lines, patient-derived
cells and mouse tissue without any cell-type-restricted deletion, leaving
unsettled whether the operative enzyme is in the motor neuron or the
myeloid cell. 1% A widely cited metabolic intervention study attributes its
effect to the pathway entirely from bulk brain measurement. 159" A striatal
disease study uses immortalised neuronal-like cells and bulk tissue with no in
vivo cell-type manipulation. 160 An alpha-synuclein study uses whole-animal
adaptor deletion and attributes the effect to glia. 161 A traumatic injury study
claims neuronal adaptor activation from culture systems and
immunohistochemistry without neuron-restricted deletion. 162

A methodological template that works: microglial depletion combined
with separate neuronal and microglial nuclear profiling, which separates the
interferon-producing cell from the transcriptionally injured one. 163
Repair-deficient human microglia-like cells mounting a pathway-dependent
chemokine response show the same discipline in vitro. #
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19. Four Results That Do Not Fit

*

19.1 Why to foreground them

A review that reports only the results supporting its subject's importance is an
advertisement. Four published findings sit badly with the prevailing account,
none has been retracted, and none has been adequately addressed.

19.2 The messenger rises and nothing happens

In aged mouse cortex, the enzyme and the messenger both increase without
downstream adaptor or transcription-factor activation. 140 1f messenger
production does not imply interferon output, then every study inferring
pathway activity from enzyme abundance or from a downstream signature
has an unquantified gap in its argument. Chapter 17 offers one reading of this
result; the point here is that the field has not engaged with it.

19.8 The pathway is impaired, not hyperactive

A study of human disease temporal lobe reports the opposite of the prevailing
model: signalling compromised, the adaptor depleted from its normal
compartment, and no interferon elevation despite abundant DNA damage. 165
Bulk homogenate, no cell-type resolution, small cohort, single group,
unreplicated — and a direct published contradiction that the field has largely
passed over.

19.4 When someone looked carefully for the neuronal trigger, it was
not this enzyme

In human stem-cell-derived motor neurons from a genetic form of
amyotrophic lateral sclerosis, investigators set out to test this pathway and
found instead that the neuron-intrinsic interferon driver is cytosolic duplex
RNA sensed by a helicase, with knockdown abolishing the response. ¢ A
negative result obtained by looking, which is the most informative kind.
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19.5 The pathway may be protective

One study argues that phosphorylated tau acts as an innate immune effector
and that signalling through this pathway preserves neurons in this disease —
directionally opposite to the dominant account. 167 Single group, organoid
causality, human data colocalisation only, cell-type attribution assumed, and
not independently replicated. It is nonetheless in the literature and is not
answered.

To these four should be added the three from Part I: the enzyme-null
mouse ages prematurely %0 loss of the enzyme worsens pathology on a
normal background in a vertebrate genome-instability model %8 and the
brain-specific test in a genetic interferonopathy found the enzyme
dispensable for the neuropathology. 62

19.6 What the discordant set implies

Not that the target is wrong. The microglial evidence of Chapter 15 is strong
and the benchmark experiment is clean. What the set implies is that the
relationship between this enzyme and this disease is conditional — on cell
type, on stage, on whether catalysis or occupancy is the operative property,
and possibly on direction. A field confident enough to pursue inhibitors ought
to be able to say which conditions, and it cannot.
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Which cell the evidence actually concerns

microglia neurons
cell-restricted conditional knockout v X
causal in vivo loss of function v O
expression enrichment in human brain v X
messenger measured in a sorted population X X
human tissue evidence of activation v (@)
An open circle marks a single unreplicated study.
Why the sensing cell need not be the damaged one
( B ( R
neuron microglia
lamina erodes; heterochromatin relaxes micronuclei where the enzyme is enriched
makes micronuclei and exports them two conditional knockouts work here
restraints on the enzyme are mitosis-linked cGAMP takes up neuronal micronuclei

never shown in brain

supplies the ligand

demonstrated = === plausible conduit, untested in brain

Read this way the neuron's role is to supply the ligand, not to sense it — which fits every expression dataset and both conditional knockouts.

1t also makes the single neuronal study the anomaly to replicate rather than the foundation to build on.

Figure 4. Expression places the enzyme in myeloid and vascular populations, and two independent
inducible conditional knockouts support a microglial mechanism; the neuronal claim rests on one
unreplicated viral-knockdown study, and no neuron-restricted deletion of the enzyme exists. The lower
panel shows the two routes by which the sensing cell need not be the damaged one: the messen%er dgfuses
and is transported, and neurons export micronuclei that microglia take up. Sources: 117, 6,7, 84,50
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*

Part IV

The Drug

The target assessed as a medicinal chemist would assess it:
chemistry, brain exposure, biomarker, safety and the prior

*
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20. Chemical Matter and the Species
Problem

20.1 What exists

The enzyme is druggable, and there is more chemical matter than the
neurodegeneration literature usually acknowledges. Five mechanistic classes
have been characterised.

Active-site binders. A fragment-derived nanomolar binder with co-crystal
structures — and no cellular activity, for a reason its authors state plainly: the
active site is large and polar. 168 It never became a pharmacological probe, and
that failure is informative about the site.

DNA-competitive compounds. Antimalarials block the enzyme-DNA
interaction, identified by docking and validated in cells. 169 An acridine
derivative given orally to a mouse interferonopathy model outperformed the
parent compound and demonstrated target engagement by
mass-spectrometric measurement of the messenger in tissue — one of very
few in vivo pharmacodynamic datasets in this field. 170 Potency is micromolar
and the compounds are highly promiscuous.

DNA-displacing compounds. A polysulfonated polyanion displaces bound
DNA rather than competing at the nucleotide site, a mechanistically distinct
mode, in a molecule with poor selectivity and essentially no central
penetration. 71

Optimised nucleotide-site series. The tool compounds used throughout
the neurodegeneration literature descend from one chemical
programme 172 178 " with an independent human-optimised series showing
cellular activity and pathway selectivity 174 a covalent chemotype 175,
natural-product chemotypes with human co-crystal structures 176 177 4 spiro
series with oral bioavailability and efficacy in peripheral injury 178 and a
recentwgarge screen against the human enzyme yielding sub-micromolar
leads.
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The clinical series. The sponsor whose compound reached trials has
published its chemistry: a metal-chelating nucleotide-site series hybridised
with a tetrahydrocarboline, with leads potent against both human and mouse
enzymes — dual-species potency treated as an explicit design goal. 180 A
follow-up names neurodegenerative disease among target indications and
documents that the chemotype required careful control of polarity to escape a
cardiac ion-channel liability while retaining permeability. 18l A review maps

the field for this indication. 182, 183, 184

A sixth, endogenous mode. Acetylation at three lysines is reported to hold
the enzyme inactive, and aspirin is reported to acetylate it directly, with
efficacy in patient-derived cells and a mouse interferonopathy model. '#> The
claim was received as significant 186 "and the best pharmacological test of it
since — adaptor agonists abolishing aspirin's protective effect in two vascular
models — is supportive. 187 1t should nonetheless be treated with care: no
retraction, correction or rebuttal exists, and equally no independent
replication of the biochemistry by a group unconnected to the original
authors. Aspirin's acetyl transfer is promiscuous across hundreds of proteins,
and the concentrations required for this modification are not reconciled with
those achieved clinically. The point is not that the mechanism is wrong but
that a widely available drug is frequently described as a cGAS inhibitor on the
strength of a single laboratory's biochemistry.

20.2 Every one of them inhibits catalysis

The classes differ in where they bind — nucleotide site, DNA-binding surface,
covalent active site — and agree in what they are designed to stop: production
of the messenger.

Chapter 5 established that several of the enzyme's functions do not require
catalysis. If what harms the ageing brain is chromatin occupancy, repair
interference or condensate formation, the entire chemical armamentarium is
aimed at the wrong property. The DNA-competitive class is the partial
exception, since it targets the binding the non-canonical functions require —
and it is the least potent and least selective class. No programme has been
designed around this distinction, and no experiment in brain has determined
which property matters.
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20.3 The species problem, and how it is being handled

Two human-specific substitutions in the DNA-binding surface make the
human enzyme less efficient and more length-discriminating than its mouse
orthologue. 22 Simulation localises the divergence to differing dominance of
binding surfaces during activation and states the practical consequence:
inhibitors designed on the mouse protein have often proved ineffective
against the human one. 23 There is a counter-case, arguing the principal tool
compound inhibits both orthologues in cells and human primary cells 188 _
from the group that originated the compound, cell-based rather than by
head-to-head enzymology, and in tension with the structural evidence and
with practice.

Practice is the most telling evidence. The benchmark tauopathy study used
two different compounds from the same programme — one against the mouse
enzyme, one against the human — assayed under different metal conditions
and incubation times. ' That is what the species problem looks like from
inside a laboratory, and it means the mouse efficacy data and the
human-active chemistry are not the same molecule.

No published head-to-head potency table across chemotypes and
orthologues exists.

21. The Brain the Drug Cannot Reach

*

21.1 The single published brain-exposure dataset

For a target proposed for a brain disease, one number matters more than any
potency: how much compound reaches brain.

The published literature contains one such dataset. The benchmark
tauopathy study reports, for its mouse-active compound, a brain-to-plasma
ratio near two with brain and plasma half-lives around twelve and ten hours
after intraperitoneal dosing, measured by mass spectrometry after
transcardial perfusion. 10 That is genuinely good exposure.
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It is for the mouse-selective compound. Its human-active sibling from the
same programme has no published brain exposure, no pharmacokinetics of
any kind, and no in vivo data.

21.2 The consequence, stated plainly

There is no compound that is active against the human enzyme and
demonstrated to reach the brain. The molecule required to test this
hypothesis in a human being does not exist in the published literature.

A later study extending the target to another neurological disease dosed
the same mouse-selective compound and asserts brain penetrance by citing
the earlier work rather than by new measurement. 134 The adaptor-blockade
study in disease models reports no central pharmacokinetics for its
compound. 125 No brain-exposure data exist for any adaptor inhibitor in the
literature retrieved.

21.3 Why this is harder than it looks

The chemistry papers explain the difficulty. The active site is large and polar,
which is why the first high-affinity binder had no cellular activity. '°® The
clinical series required meticulous control of polarity to avoid a cardiac
ion-channel liability while retaining permeability. 181 Polarity that gets a
molecule into a cell is not the same as polarity that gets it across the
blood-brain barrier, and the optimisation pressures point in different
directions.

The clinical programmes reflect this. The sponsor's
central-nervous-system asset is a different compound against a different
target entirely; its inhibitor of this enzyme is being developed for a systemic
autoimmune indication. Conflating the two would be a serious error and is
easily made.

21.4 What would have to be shown

Three things, none of which has been shown for any molecule. Potency
against the human enzyme at a concentration achievable in brain. A measured
brain-to-plasma ratio and free-fraction-corrected brain concentration in at
least two species. And demonstrated central target engagement, which
requires the biomarker that Chapter 22 shows does not exist.
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22. No Central Biomarker, No Registered
Trial

*

22.1 The messenger has never been measured in a human brain

Target engagement for this enzyme has an obvious readout: its product. The
messenger has been quantified in mouse tissue by mass spectrometry 170 and
intracellular messenger suppression has been shown in cells. 188 1n aged
mouse brain it has been measured regionally. 49

It has never been measured in human cerebrospinal fluid or human brain.
There is therefore no established central pharmacodynamic biomarker for
inhibition of this enzyme, and a trial would have to rely on a peripheral
surrogate or develop a fluid assay from scratch.

22.2 The available surrogate, and what it can carry

The peripheral surrogate exists and is well characterised: a whole-blood
interferon-stimulated gene score developed explicitly with diagnosis and
trials in view, with a defined positivity threshold, together with historical
cerebrospinal fluid interferon activity data in a central interferonopathy. 189 1¢
has been shown to track clinical benefit over years in monogenic
interferonopathy treated with a kinase inhibitor '°°, and interferon-directed
therapy has changed outcomes in a human central interferonopathy against a
natural-history comparator. 191

The limits are severe for the present purpose. It is a blood measure
standing proxy for a brain process. It was validated where interferon tone is
extremely high, not in sporadic late-life disease where — as Chapter 15 noted
— the disease-specific increment over ageing is small. 138 And it measures the
output of three convergent adaptors, so it cannot attribute a change to this

enzyme. 28
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22.3 The clinical landscape

Two clinical-stage inhibitors of this enzyme could be verified against trial
registries. One is in a randomised phase 2a study in cutaneous lupus. 192 The
other is in an open-label study in monogenic interferonopathies. 193

Only one peer-reviewed publication exists on any clinical-stage inhibitor
of this enzyme anywhere: single-cell sequencing of blood cells from one
patient with a genetic interferonopathy and one matched control, with ex vivo
exposure normalising the most elevated interferon-stimulated genes. 194 One
participant against one control, ex vivo, no patient dosed, and two authors
employed by the sponsor. The first-in-human data for both programmes exist
only as press releases and conference presentations; one has no locatable
registration at all, and the pharmacodynamic marker described as
demonstrating target engagement is not named in any public document.

No inhibitor of this enzyme or of its adaptor is registered in any
neurological or neurodegenerative indication anywhere.

22.4 What agonist trials show about the axis

The opposite direction has been tested extensively in oncology and the results
bound what systemic modulation of this axis can achieve. Agonists of the
adaptor produce a characteristic systemic interferon toxicity — fever, chills,
injection-site reactions — with minimal efficacy and terminated
programmes. 195 196 11y the largest series, fever occurred in seventy per cent of
participants with dose-limiting toxicities, and cytokine responses plateaued
above a threshold dose rather than scaling. 197 Systemic dosing produced
systemic exposure without a dose-related immune response. 198 The most
tolerable agent confirmed pathway activation with few objective responses. 199

Two lessons transfer. The axis produces dose-limiting systemic effects
when pushed, which is a caution for chronic modulation in either direction in
an elderly population. And its pharmacodynamic response saturates, which
means the relationship between exposure and pathway state is not a simple
one.
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23. Salety Bounds from Human Genetics
L 4

23.1 The upper bound

Human genetics establishes that too much pathway activity is severely
harmful. Gain-of-function in the adaptor causes an early-onset syndrome of
systemic inflammation, cutaneous vasculopathy and interstitial lung
disease. 200 Loss of the cytosolic exonuclease that restrains ligand supply
causes a severe encephalopathy with a measurable interferon signature and a
defined disability spectrum. 94 108 201 Mouse epistasis shows that disease
depends on this enzyme specifically. 1%

That is the strongest argument for the therapeutic hypothesis: in humans,
unrestrained signalling through this pathway damages the brain.

23.2 The lower bound, and what it actually covers

The corresponding question — whether losing pathway function harms
people — has an unusually good answer, for the adaptor. A common allele is
effectively null: homozygotes express almost no adaptor protein and their
cells do not respond to cyclic dinucleotides, and they constitute a substantial
fraction of some populations while being, in general, healthy. 202 A large
number of people walk around with essentially no functional adaptor. That is
a powerful argument that pharmacological suppression of the pathway is
tolerable.

Two qualifications. The corresponding knock-in mouse showed a reduced
response to a polysaccharide vaccine, so an infection and vaccine-response
caveat is real. And — the point that matters here — this is the adaptor, not the
enzyme.

23.3 The missing human genetics for the enzyme

No published human loss-of-function phenotype for this enzyme was located.
There is no described null individual and no constitutional deficiency
syndrome. The safety-by-genetics argument therefore rests entirely on the
adaptor and must not be stated as though it were established for the enzyme
itself.
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This matters more than it would for most targets, because Part I
established that the enzyme has functions the adaptor does not share. A
person lacking the adaptor still has a fully functional nuclear enzyme
maintaining heterochromatin, modulating repair, and slowing forks. A person
— or a patient — lacking enzyme function does not. The tolerability of
adaptor deficiency says nothing about the tolerability of enzyme deficiency,
and the mouse that lacks the enzyme ages prematurely. 30

23.4 The catalytic escape

There is a plausible resolution, and it is worth naming because it would make
the programme coherent. If the enzyme's protective nuclear functions require
binding rather than catalysis — which is what the mutant evidence of Chapter
5 indicates — then an active-site inhibitor would suppress messenger
production while leaving chromatin maintenance, fork deceleration and
repair modulation intact.

On that reading, the current chemistry is targeting exactly the right
property, and the null-mouse phenotype is not predictive of pharmacological
inhibition. It is a fortunate arrangement, it is consistent with the available
mutant data, and it has never been tested. Testing it is straightforward: dose an
enzyme inhibitor chronically in an ageing animal and measure the
heterochromatin landscape, repeat-element derepression and lifespan that
the knockout disturbs.

24. The Negative Prior

*

24.1 A row of null results

Any proposal to treat this disease by suppressing an inflammatory pathway
inherits a prior, and the prior is unfavourable.

The prototype antimalarial DNA-binding inhibitor of this enzyme has
been tested in early disease in a randomised, double-blind, placebo-controlled
trial over eighteen months. It was completely flat on function, cognition and
behaviour, with high completion, so the result is not a failure of power or
retention. 293 Its activity against this enzyme is micromolar and unmeasured
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in brain, so it is a weak test of the specific hypothesis — but it is a strong prior
against repurposing a weak inhibitor of this class.

Beyond it: a selective and a non-selective anti-inflammatory produced no
slowing of decline over a year in mild to moderate disease 204, primary
prevention trial of the same class was terminated early on cardiovascular
safety with hazard ratios above one in both arms, that is, no benefit and a
possible harm signal from long-duration dosing in an elderly population 205,
and cytokine blockade over twenty-four weeks was tolerable and inert, with

more infections on drug. 206

24.2 Why this prior might not apply

Three arguments distinguish the present proposal from its predecessors, and
they should be stated fairly.

The mechanism is upstream rather than at the effector end: these trials
suppressed prostaglandins or a single cytokine, whereas this target sits at the
initiation of a transcriptional programme. The genetic anchor is different in
kind: a protective human variant acting through this pathway 182 1133 is not
something any previous anti-inflammatory programme possessed. And the
benchmark preclinical result dissociates synaptic and cognitive rescue from

the proteinopathy itself 10 which the earlier classes never achieved.

24.3 Why it might apply after all

Two arguments run the other way, and they are quantitative.

The disease increment is small. Most of the innate immune transcriptional
shift in human brain accompanies normal ageing, with only a small further
change in the transition to disease. 188 A therapy aimed at that increment is
aimed at a small signal on a large physiological background, which is a
difficult place to demonstrate benefit and an easy place to cause harm.

And the timing is unfavourable. The mechanism, insofar as it is
characterised, is continuously active from mid-life — which is the least
favourable configuration for late intervention and the most favourable for a
prevention argument that no trial design currently supports. The one
prevention trial in this therapeutic area was stopped for safety. 205
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25. Reducing the Ligand Instead

*

25.1 A different point of attack

If the enzyme cannot yet be inhibited in a human brain, the supply of its
ligand might be reduced instead. One class of agent does this:
reverse-transcriptase inhibitors, which would block the production of
retroelement-derived complementary DNA.

The preclinical case is reasonable. A nucleoside analogue reduced
interferon and inflammation across tissues in aged mice 9 and improved
healthspan in a progeroid model where the enzyme is explicitly in the causal
chain. %2 In a tauopathy model, the same agent given in drinking water
reduced tau phosphorylation, inflammation, neuronal death and atrophy with
behavioural improvement. 207 I an amyloid model, it suppressed pathway
markers, restored mitophagy and improved spatial memory, though the two
effects were not separated and no genetic epistasis was performed. 2°% In a
genetic model carrying high lifetime risk of this disease, it completely rescued
hippocampal recognition memory. 209

25.2 The human data

Two pieces of human evidence exist, and neither is a completed trial of
efficacy.

Propensity-matched analysis across two large health systems found that
exposure to one antiretroviral class was associated with lower disease
incidence while three other classes were not. 2 The class specificity is the
inferential asset, and it is observational pharmacoepidemiology; notably, the
authors attribute the effect to inflammasome inhibition rather than to reverse
transcription or to this enzyme.

And one human study tests the strategy directly: a single-centre,
single-arm, self-controlled study of a reverse-transcriptase inhibitor in mild
cognitive impairment with biomarker-confirmed disease, measuring plasma
neurocognitive markers and interferon-stimulated genes over twenty-four
weeks. 21! Twenty-three participants, no placebo, biomarker endpoints only,
no results posted. It is the only human study anywhere testing ligand-supply
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reduction in a cognitively impaired population, and its pharmacodynamic
architecture — an interferon-stimulated gene readout — is exactly what a trial
of the enzyme itself would need.

25.3 The problem this strategy inherits

It depends on the ligand hypothesis of Chapter 12, which is the one
contradicted at its enzymatic step by direct measurement in human disease
cortex:  full-length  element transcripts essentially absent and
reverse-transcriptase activity lower in disease than in aged controls. 97

If there is little endogenous reverse transcription in the disease brain, a
reverse-transcriptase inhibitor has little to inhibit, and any benefit observed is
proceeding through something else — which is precisely what the
pharmacoepidemiological authors themselves propose. The strategy may
work; if it does, the mechanism is probably not the one that motivated it.

25.4 Other points of ligand control

Two further levers exist in principle and neither has been pursued in this
disease. Blocking the mitochondrial release routes of Chapter 10 — the pore
whose regulator, when deleted, rescues cognition in an amyloid model 80 _
targets supply at its source. And restoring nuclease capacity addresses disposal
rather than production, with mouse evidence that the lysosomal nuclease
declines in ageing and tauopathy and that its restoration would be
protective. 113, 4 Neither has a compound, and neither has been tested.
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*

Part V

Assessment

An itemised ledger of the four questions, a programme ordered
by the cost of being wrong, and what would have to be true

*
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26. A Ledger of Four Questions

*

26.1 Purpose

The chapters above are organised by question rather than by molecule, and
the itemisation below follows the same order. The categories are those of
Chapter 1: established means reproduced by independent groups in a named
system, proposed means offered without direct test, unevidenced means the
argument requires it and no study was found, and contradicted means the
primary evidence points the other way.

26.2 What the enzyme does
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Table 1 — What the enzyme does — status of each claim

Claim Status Basis and limit

Most cGAS is Established Endogenous protein across cell-cycle phases L five
nuclear and chrom independent structures of the inhibitory
atin-tethered interaction 31,

Nuclear cGAS Established Three grougs, untransformed and transformed cells,
alters DNA repair plus mice 4023

and replication

The direction of Contested Founding account reports tumour promotion; the
that effect fork study reports the enzyme is genome-protective,
with no rebuttal published either way

These functions Contradicted  Catalytically dead enzyme performs as wild tgfpe;
require catalysis binding and oligomerisation mutants do not <, 3
Condensation is a Established Reconstitution showing substrate and intermediate
kinetic state, not mobility restricted, and nuclease protection 26, 25

just concentration

Losing the enzyme  Proposed One whole-animal study, single group, no brain
shortens lifespan analysis 50
Any of this Unevidenced  No study located across multiple search formulations

operates in a
neuron or glial cell

Recombination Contradicted  The effect requires S/G2 and a sister chromatid;
suppression could in principle neurons have neither
operate in a neuron

26.3 What activates it
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Table 2 — What activates it — the candidate ligands and their specific

problems

Candidate

Status in this
disease

The specific problem

Mitochondrial ~ Proposed, best Four release routes give four different products; never
DNA supported size-resolved or protein-resolved in any neural
68 71
cell °°,

Micronuclei Proposed Canonical route is mitosis-gated 82 neurons do make
and export them 84, but none reported in human
disease tissue

Cytoplasmic Proposed, The only route not requiring mitosis 8. never

chromatin mechanistically examined in neurons

fragments apt

Retroelement  Contradicted at Full-length transcripts essentially absent and

complementa  the enzymatic reverse-transcriptase activity lower in disease cortex &

ry DNA step

Oxidised DNA  Unevidenced The one study shows nuclease resistance, not enhanced

as a better catalysis 107

ligand

Extracellular Present, never Traps documented in human disease brain 116; no link

chromatin in connected to enzyme activation tested

parenchyma

Abundant Contradicted in Cell-free mitochondrial DNA reduced; total cell-free

extracellular cerebrospinal DNA very low 65 66

DNA in fluid

disease

The ligand has  Unevidenced No cGAS-bound DNA has ever been recovered from

been isolated brain in any species

and identified

26.4 Which cell
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Table 38 — Which cell — microglia and neurons compared by the experiments

that exist

Claim

Cell-restrict
ed
conditional
knockout of
the enzyme

Causal in
vivo loss of
function in
a disease
model

Expression
enrichment
in human
brain

Messenger
measured

in a sorted
population

Human
tissue
evidence of
activation

A
mechanistic
reason to
expect a
special case

Microglia

Yes, inducible ©

Yes 10, 6

Yes 117

No, but measured regionally 140

Yes, in another neurological disease 134

Neurons

None exists in any species or
disease

One viral knockdown study,
unreplicated 4

Not in any enrichment list

No; only unpurified cultures

Proximity ligation in one study 7

Yes: the restraints are
mitosis-linked 8

26.5 Whether it can be drugged
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Table 4 — Whether it can be drugged — requirements and their status

Requirement Status

Chemical matter
against the enzyme

Compounds that
inhibit non-catalytic
functions

A compound active
on the human
enzyme with
measured brain
exposure

Brain exposure data
for any inhibitor

A central
pharmacodynamic
biomarker

A registered trial in
any neurological
indication

Human
loss-of-function
safety data for the
enzyme

Prior for the
therapeutic class in
this disease

Established, five mechanistic classes 168, 169, 180

None; every class targets catalysis

Does not exist

10

One compound, mouse-selective

None; the messenger has never been measured in human brain or
cerebrospinal fluid

None anywhere

None; the reassuring null allele is the adaptor 202

Uniformly negative 208 204 205 206

26.6 What the ledger shows

Three observations follow.

The strongest evidence in this field is microglial, interventional and
mouse, and it is genuinely strong. The benchmark experiment dissociates
synaptic rescue from proteinopathy, two independent conditional knockouts
support cell-type attribution, and a protective human variant acts through the
pathway. A reader who wanted only to know whether this target is worth
pursuing could stop there and answer yes.
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The weakest links are not at the periphery of the argument but at its
centre. The ligand has never been identified in brain. The enzyme's dominant
activity is nuclear and has never been examined in a neural cell. The neuronal
claim rests on one unreplicated study. And the compound needed to test the
hypothesis in a human being does not exist.

And the property that current drugs target — catalysis — is the one
property that several of the enzyme's functions demonstrably do not require.
Whether that is a fortunate coincidence that makes inhibition safe, or an
indication that the drugs address the wrong activity, is undetermined and is
the single most consequential open question in this review.

27. A Staged Experimental Programme

*

27.1 Design principle

The programme below is ordered by the cost of being wrong. Three
experiments would determine whether the framing of this review is correct at
all; a second stage establishes identity and order; a third addresses translation.
Each is specified so that a null result is informative.

27.2 Stage one: three experiments that decide

Experiment 1 — Does the enzyme do its nuclear job in a neuron? In directly
converted human neurons from young and aged donors, which retain
donor-age signatures 98 determine the chromatin-bound fraction of the
enzyme by fractionation and proximity ligation, and test whether it changes
with donor age and with disease genotype. Use the structurally defined
tethering mutants 31, 8 to establish dependence. Measure, in the same cells,
whether the enzyme influences end joining, single-strand break repair and
transcription-coupled repair — the routes available to a post-mitotic cell —

rather than homologous recombination, which is not.

Falsifies if: the enzyme is fully tethered irrespective of age and influences
no repair route. Part I then does not transfer to this disease, and the target
reduces to the microglial account of Chapter 15.
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Experiment 2 — Isolate the ligand. Immunoprecipitate the enzyme from
microglia and neurons sorted from mouse disease models and from human
post-mortem tissue, recover bound DNA, and sequence it with a method that
preserves length distribution. Report identity, length, protein association and
compartment — the four properties of Chapter 9. Reconstitute the recovered
material with purified human enzyme and measure messenger production.

Falsifies if: no enriched species is recoverable, or the recovered material
does not activate the enzyme in reconstitution. This is the single most
important missing experiment in the field, and it has no technical barrier.

Experiment 8 — Can a human-active compound reach brain? Take a
compound potent against the human enzyme and measure brain-to-plasma
ratio and free brain concentration in two species, with central target
engagement demonstrated by messenger measurement in tissue. The
dual-species chemistry now exists 180 and the polarity and ion-channel
constraints are documented. '8!

Falsifies if: free brain concentration cannot reach the human potency. The
therapeutic hypothesis is then untestable in humans with current chemistry,
which is a decision-relevant result and should be published as one.

27.3 Stage two: identity and order

Experiment 4 — Neuron-restricted conditional deletion. Generate and cross a
floxed allele of the enzyme to neuronal and astrocytic drivers in amyloid and
tauopathy models, with the microglial deletion as comparator. % This is the
experiment the field has assumed and never performed, and its absence is
why Chapter 16 is short.

Experiment 5 — Separate catalysis from occupancy in vivo. Compare, in
the same disease model, a catalytically dead knock-in allele against a
DNA-binding-deficient allele against full deletion. The mutants are
defined. 2, 3 This determines which property of the enzyme matters in brain
and therefore whether the existing chemistry addresses it — the question
Chapter 26 identifies as most consequential.

Experiment 6 — Where does the messenger come from and where does it
go? Measure the messenger in sorted neuronal, microglial and astrocytic
populations from disease tissue, and test transfer between them using the
known conduits: gap junctions, the folate transporter, and volume-regulated
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anion channels, the last being a plausible glial-neuronal route that has never

been examined in brain. 149, 147, 148

Experiment 7 — Test the micronucleus-export route. Determine whether
neurons in ageing and disease export micronuclei to microglia as they do in
development 84 85 whether the exported material engages microglial
enzyme, and whether this route accounts for any part of the microglial
activation attributed to mitochondrial DNA. This would reconcile the
expression data with the neuronal lesion without requiring neuronal

signalling at all.

Experiment 8 — Look for cytoplasmic chromatin in human disease
neurons. The one ligand route available to a post-mitotic cell has never been
sought in the relevant tissue. 88

27.4 Stage three: translation

Experiment 9 — Test the protective-function question directly. Dose an
active-site inhibitor chronically in ageing animals and measure the endpoints
the knockout disturbs: heterochromatin landscape, repeat-element
derepression, frailty and lifespan. 50 1f catalytic inhibition spares them, the
safety argument of Chapter 23 is established rather than hoped for.

Experiment 10 — Build a central pharmacodynamic assay. Develop and
validate measurement of the messenger in human cerebrospinal fluid, against
the peripheral interferon score as comparator. 189 Without this, no trial of this
target in a brain disease can demonstrate that it engaged the target.

27.5 What success would look like

The programme is designed so that its most probable outcome is a substantial
narrowing. If Experiment 1 is null, the enzyme's second job is irrelevant here
and Part I becomes background. If Experiment 2 recovers a defined species,
the field acquires the thing it has been arguing about without possessing. If
Experiment 3 fails, the honest conclusion is that this target cannot currently
be tested in people, and resources should move to ligand supply or to the
adaptor.

Each of those is a better position than the present one, in which a target is
being advanced on the strength of a pathway diagram.
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28. What Would Have to Be True

*

28.1 The strongest defensible version

Stripped to what the evidence supports, the hypothesis is narrower and more
specific than the one usually stated, and it is worth setting out because it is
testable.

Ageing brain accumulates sources of misplaced DNA continuously:
organelle genomes released sub-lethally through partial membrane
permeabilisation 72, chromatin fragments budding from nuclei whose lamina
is eroding 88 89 and — on the most interesting reading — micronuclei
exported by neurons and taken up by microglia. 84 The sensing cell is
predominantly microglial, which is where the enzyme is and where the
conditional knockouts work. 17, ® What rises with age is not necessarily ligand
supply but the fraction of enzyme that is free to act, and the output is steeply
non-linear because condensation is threshold-dependent. 26 The resulting
interferon tone is chronic and low, which is what the human transcriptomic
data show. '®® And the disease increment is a modest addition to a large
physiological background, which is why the benchmark experiment rescues
function without touching pathology. 10

In this version the neuron's role is to supply the ligand, not to sense it. That
is consistent with every expression dataset, with both conditional knockouts,
with the micronucleus-export observation, and with the absence of a
neuron-restricted deletion — and it makes the one neuronal study 7 the
anomaly to be replicated rather than the foundation to be built on.

28.2 What would have to be true for the therapeutic proposal

Four things, each currently unestablished.

That the harmful activity is catalytic, so that the existing chemistry
addresses it and the enzyme's nuclear functions are spared. That a
human-active compound can reach brain at a free concentration above its
potency. That the disease-specific increment over ageing is large enough to
move with a tolerable degree of inhibition. And that inhibition late enough to
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be practical still changes the trajectory, given that the mechanism appears
continuously active from mid-life.

28.3 What would remain unexplained

Selective vulnerability. The enzyme is ubiquitous, the ligands are generic,
interferon tone is global, and this disease is regionally and cellularly specific.
Nothing in this review addresses why the entorhinal cortex goes first. That is
not a criticism of the target; it is a statement that the target, even if correct, is a
permissive factor rather than a sufficient cause.

28.4 The general lesson

The four questions of this review are the questions one asks about an enzyme:
what does it do, what activates it, where is it, and can it be drugged. The
literature connecting this protein to this disease has largely asked a different
question — whether the pathway is on — and answered it well.

The cost of the substitution is visible in the ledger. A target has advanced
towards the clinic while its ligand in the relevant tissue has never been
isolated, its dominant cellular activity has never been examined in the
relevant cell, and the compound that would test it in a person does not exist.
None of those gaps is technically hard to close. All of them have been left
open because a switch does not need a job description, and an enzyme does.

29. Operational Definitions and
Interpretation Guide

*

29.1 Definitions used throughout
Table 5 — Operational definitions used throughout

Term Operational definition used here

The enzyme cGAS, the product of CGAS; used in preference to "the
pathway" wherever the claim concerns this protein
specifically
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Term Operational definition used here

The adaptor STING, the product of STINGI; distinguished throughout
because several claims attributed to the pathway belong
to one component only

Established Reproduced by independent groups in a named
experimental system, with the system stated

Proposed An integration offered without direct test, by cited
authors or by this review

Unevidenced A step the argument requires for which no study was
located
Contradicted A step for which the available primary evidence points

the other way

Specified ligand A DNA species characterised by identity, length
distribution, protein association and compartment — all
four

Target engagement A measured change in the enzyme's product in the

compartment of interest, not a change in a downstream
transcriptional signature

Canonical function DNA-activated synthesis of the cyclic dinucleotide
messenger
Non-canonical function Any activity of the same protein that does not require

messenger synthesis

29.2 Interpretation rules applied in this review

A downstream signature does not identify an upstream sensor. Three
unrelated adaptors converge on one transcription factor through a shared
motif 2%, so attribution requires genetic or pharmacological bypass. Applied in
Chapters 15, 18 and 19.

Presence of DNA is not presence of a ligand. Activation is cooperative,
length-dependent, geometry-dependent and threshold-dependent 4, 5, 24, SO
amplicon or antibody detection does not establish that a ligand exists. Applied

throughout Part II.

Abundance is not consequence. A steeply non-linear activation function
means a small quantity of enzyme on a locally dense ligand can outproduce a
large quantity distributed thinly. Applied in Chapter 14 to the expression data.
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The sensing cell is not necessarily the suffering cell. The messenger
diffuses and is transported, and the ligand itself can be exported between
cells. 30, 84 Applied in Chapter 18.

Catalysis and occupancy are separate claims. Where tested with defined
mutants, several functions require binding and not catalysis 2 3 so an
inhibitor of catalysis is not an inhibitor of the protein. Applied in Chapters 5,

20 and 23.

Species must be named at every crossing. The human enzyme is
structurally and functionally distinct from the mouse orthologue in the
DNA-binding surface 22 and inhibitor potency does not transfer. Applied in
Chapters 2, 20 and 21.

Corrections, retractions and failed replications are cited at the point of use.
79

Applied to the retracted mitophagy study ‘7, the nucleosome-structure
correction °, the chromatin-sequencing erratum 39 and the agonist-trial
correction. 190

29.3 Observations requiring further work
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Table 6 — Observations requiring further work

Observation What it would take to resolve

The direction of nuclear cGAS's effect on  Side-by-side replication in one system with the

genome stability is disputed same mutants and endpoints

The messenger rises in aged cortex Cell-sorted measurement of enzyme, messenger
without downstream activation and downstream activation across age

No cGAS-bound DNA has been Immunoprecipitation and length-preserving
recovered from brain sequencing from sorted populations

Neurons make and export micronuclei; Longitudinal imaging in ageing and disease
nobody knows if this matters in disease models with enzyme-null microglia

Signalling is reported impaired rather Replication with cell-type resolution in a larger,

than hyperactive in human disease cortex  better-powered cohort

The enzyme-null mouse ages Chronic pharmacological inhibition in ageing
prematurely animals with the same endpoints

No human loss-of-function phenotype is ~ Population sequencing for predicted null alleles

known for the enzyme and phenotyping of carriers
No compound active on the human Standard pharmacokinetics on an existing
enzyme has measured brain exposure dual-species lead
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