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Abstract. A hypothesis of Alzheimer’s disease etiology is proposed describing how cellular stress induces excessive
polyamine synthesis and recycling which can disrupt nucleoli. Polyamines are essential in nucleolar functions, such as
RNA folding and ribonucleoprotein assembly. Changes in the nucleolar pool of anionic RNA and cationic polyamines acting
as counterions can cause significant nucleolar dynamics. Polyamine synthesis reduces S-adenosylmethionine which, at low
levels, triggers tau phosphorylation. Also, polyamine recycling reduces acetyl-CoA needed for acetylcholine, which is low
in Alzheimer’s disease. Extraordinary nucleolar expansion and/or contraction can disrupt epigenetic control in peri-nucleolar
chromatin, such as chromosome 14 with the presenilin-1 gene; chromosome 21 with the amyloid precursor protein gene;
chromosome 17 with the tau gene; chromosome 19 with the APOE4 gene; and the inactive X chromosome (Xi; aka “nucleo-
lar satellite”) with normally silent spermine synthase (polyamine synthesis) and spermidine/spermine-N1-acetyltransferase
(polyamine recycling) alleles. Chromosomes 17, 19 and the Xi have high concentrations of Alu elements which can be tran-
scribed by RNA polymerase III if positioned nucleosomes are displaced from the Alu elements. A sudden flood of Alu RNA
transcripts can competitively bind nucleolin which is usually bound to Alu sequences in structural RNAs that stabilize the
nucleolar heterochromatic shell. This Alu competition leads to loss of nucleolar integrity with leaking of nucleolar polyamines
that cause aggregation of phosphorylated tau. The hypothesis was developed with key word searches (e.g., PubMed) using
relevant terms (e.g., Alzheimer’s, lupus, nucleolin) based on a systems biology approach and exploring autoimmune disease
tautology, gaining synergistic insights from other diseases.
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INTRODUCTION

The “polyamine” hypothesis

Development of a hypothesis for Alzheimer’s dis-
ease (AD) can begin by exploring systems biology
and autoimmune disease tautology to identify syn-
ergistic concepts that improve our perceptions of
AD etiology. Using this approach, and the concept
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of polyamine dysregulation and nucleolar disruption
proposed previously for lupus, we can develop a sce-
nario for AD, suggesting new areas of research.

Hypothesis: “Polyamine dysregulation and detri-
mental Alu element expression can disrupt nucleoli
and peri-nucleolar chromatin leading to tau hyper-
phosphorylation and aggregation, reduced acetyl-
choline, and other features of Alzheimer’s disease”.

Alzheimer’s disease complexity

AD is an extremely complex neurodegenerative
and autoimmune disease involving an estimated 49%
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of cellular pathways in one way or another (insti-
gation, progression or simply consequential) [1].
The many intersections and shared resources among
pathways suggest key factors may be involved,
such as altered levels of the methyl donor S-
adenosylmethionine (SAM) needed for intracellular
localization of proteins and RNAs, synthesis of
polyamines, and epigenetic control by methylation
of DNA and histones. Another key factor to consider
is altered levels of the metabolic regulator acetyl-
CoA involved in polyamine recycling, metabolism
of proteins, carbohydrates, lipids, and synthesis of
the neurotransmitter acetylcholine, which is low in
AD [2]. AD may also involve loss of integrity in
major components such as nucleoli, mitochondria,
proteasomes, membranes, and chromosomes. Since
AD complexity crosses multiple areas of research
(genetics, epigenetics, immunology, neurology, and
more), we need a systems biology approach to further
our understanding, rather than a narrow reductionist
approach focused on one or two suspected proteins,
such as tau or amyloid-� (A�). In addition, we need
to explore autoimmune disease tautology to gain
insights from synergy of concepts across different
diseases.

Autoimmune disease tautology

Autoimmune disease tautology refers to common
characteristics often found among the more than 100
known autoimmune diseases and variants. Among
these diseases we typically find female predomi-
nance, initial onset in mid-to-late adulthood, greater
severity with earlier disease onset, and polyau-
toimmunity (i.e., multiple autoimmune diseases in
a patient) [3]. With regards to polyautoimmunity,
25% of autoimmune patients present more than one
autoimmune disease [4]. AD is an autoimmune dis-
ease displaying many characteristics of autoimmune
disease tautology. In addition, patients with other
autoimmune disorders have an increased risk for
AD [5], such as AD and rheumatoid arthritis (RA)
[6], AD and multiple sclerosis (MS) [7], while there
are reports regarding associations between demen-
tia and systemic lupus erythematosus (SLE) [8, 9].
As examples of common aspects in AD and other
autoimmune diseases, Sjögren’s syndrome (SjS) can
be a primary disease, or it can be a secondary dis-
ease in AD [10], SLE [11], RA [12], MS [13],
systemic sclerosis (SSc) [14], and Parkinson’s dis-
ease (PD) [15]. Also, acrolein-conjugated proteins
can appear in AD [16] and SjS [17] with appearance

of acrolein-conjugated proteins in SjS closely corre-
sponding to disease intensity. And there is suspected
aberrant activity of Alu elements in SLE [18] and
AD [19]. These observations suggest the possibility
of similarities in underlying mechanisms in AD and
other autoimmune diseases, but differing in cell types
involved, immune system accessibility (e.g., behind
the blood-brain barrier in AD versus systemic in SLE)
and triggering factors (e.g., viruses, physical trauma,
metals, UV light, and more). With regards to other
diseases, there may be parallels between AD and cog-
nitive difficulties (aka “brain fog”) in SLE and long
COVID. Furthermore, survivors of human immun-
odeficiency virus (HIV) infection show an increased
risk of AD as they age, suggesting a possible common
adverse residual effect from prior cellular stresses,
such as viral infections [20]. This residual effect
may also help explain the appearance of autoimmu-
nity in some other immunodeficiency diseases [21].
The potential residual effect may forewarn us of a
future increase in AD cases, such as in long COVID
patients. Therefore, common aspects of AD and other
autoimmune diseases suggest we may gain insights
into AD from research results obtained from other
autoimmune diseases.

Higher-order epigenetics

Much of autoimmune disease research has been
genetics-based, with a reductionist approach focus-
ing on a few genes with suspected key roles. Often
varied interpretations arise as to the importance of
different proteins in the disease process, such as tau
and A� in AD, whereas they may simply be involved
as a consequence of earlier events. Modeling usu-
ally involves human gene sequences inserted in mice
with the assumption that it represents a useful disease-
like scenario, but this disregards potentially important
differences, such as the fact that mice lack Alu ele-
ments found in abundance in humans and disregards
differences in chromosome structures. For example,
the human X chromosome is submetacentric whereas
the mouse X is telocentric. This can result in greater
difficulty in human cells in the establishment and/or
maintenance of X inactivation in humans compared
to mice [22].

Beyond genetics, mid-to-late adulthood onset of
many autoimmune diseases suggests a major role
for accumulated epigenetic damage and dysregu-
lated gene control. However, most epigenetics-based
research focuses on lower levels of epigenetics at the
base pair, nucleosome, or gene levels with the aim
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of identifying specific genes with altered epigenetic
markers. Genome-wide and epigenome-wide associ-
ation studies can point to candidate sequences, but
analysis of such data can be problematic since sig-
nificant genetic mutations, insertions, deletions, or
the epigenetic context may be missed if they require
involvement of multiple genes or events, occur in
only a few cells, and/or require years of accumulat-
ing damage to reach an observable effect. In addition,
potentially hampering understanding of the female
bias of many autoimmune diseases, X-linked genes
are sometimes down-weighted or ignored since the
number of X chromosomes and the extent of X chro-
mosome inactivation can vary from cell to cell in an
individual.

There is need for understanding involvement in dis-
eases of higher levels of epigenetic control, such as
the chromosome level, including both protein coding
and non-coding sequences, heterochromatin versus
euchromatin, gene clusters, and domains, including
topologically associated domains (TADs), such as
nucleolar associated domains. Recent advances in
chromosome conformation capture techniques and
organoid development are promising steps, but too
many variables remain currently to accurately ana-
lyze chromatin in normal, stressed, and disease states.

KEY PLAYERS IN THE HYPOTHESIS

Polyamines

The polyamines (spermidine, spermine, and the
precursor putrescine) (Fig. 1A), have many essential
roles, such as preventing oxidative damage; acting
as counter ions in nucleic acid dynamics; stabiliz-
ing chromatin; stabilizing alternate RNA and DNA
conformations (e.g., Z-DNA); controlling ion chan-
nels; altering permeability of the blood-brain barrier;
controlling translation; modulating their own synthe-
sis and recycling; inducing aggregation of proteins
(e.g., transmembrane proteins, hyperphosphorylated
tau, A�, and/or synuclein) and stabilizing membrane
distributions and associations of proteins and phos-
pholipids [23]. The versatility of polyamines arises
from their unique combinations of high cationic
charges at physiological pH, mobility, flexibility,
length, ubiquity, and high concentrations [24]. Most
polyamines are associated with RNA [25]. In the
nucleolus, polyamines serve as very effective counter
ions in RNA folding and ribonucleoprotein assembly.
For example, in photolabeled analysis of spermine
involvement in RNA folding, 40 potential spermine

Fig. 1. Polyamines. A) The main polyamines of concern in this
discussion are putrescine, spermidine, and spermine. Their flexi-
bility (all single bonds), high cationic charges at physiological pH
(+2,+3,+4, respectively), and length (∼8 Å, ∼12 Å, ∼16 Å, respec-
tively) give the polyamines unique characteristics beneficial in
important interactions with larger anions, such as in folding of
RNA transcripts, stabilizing chromatin, and modulating ion chan-
nels. (Darker spheres are nitrogen atoms, white spheres are carbon
atoms, and hydrogens are not shown. Also, the acetylated forms of
spermidine and spermine are not shown.) B) Depiction of a small
nuclear aggregate of polyamines (NAP). Note that the NAP has an
overall cationic charge which could associate it with anions (e.g.,
DNA). (Medium and large NAPs are not shown.) Putrescine (typ-
ically at only trace amounts) is a limiting factor in appearance of
NAPs.

binding sites were identified in a 2,094-base ribo-
somal 23S rRNA transcript in its folding process
[26]. In addition, spermine remains as a perma-
nent component in tRNAs, holding the arms of the
tRNA in their most efficient orientation for presen-
tation of the charged amino acid during polypeptide
elongation at ribosomes [27, 28]. Due to polyamine
involvement in a variety of important activities,
synthesis and recycling of polyamines are tightly con-
trolled. Of importance in AD, particularly in stressed
cells, is competition for cellular regulators SAM
and acetyl-CoA [29], needed in polyamine synthesis
and recycling, respectively (Fig. 2). Polyamines are
intimately involved in folding of RNAs in the nucle-
olus and this is especially important with regards to
nucleolar dynamics and functioning during a cellu-
lar stress response. In fact, changes in polyamine
levels drive nucleolar morphological changes [30,
31]. Overall, spermidine and spermine are typi-
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Fig. 2. Polyamine Synthesis and Recycling. Synthesis: De
novo polyamine synthesis begins with decarboxylation of
ornithine (from the Urea Cycle) by ornithine decarboxylase
(5.), which produces putrescine. Putrescine allosterically stimu-
lates decarboxylation of S-adenosylmethionine (SAM) by SAM
decarboxylase (6.) to create decarboxylated SAM (dcSAM).
dcSAM then provides an aminopropyl group for the conversion
of putrescine to spermidine by spermidine synthase (7.) and again
for conversion of spermidine to spermine by spermine synthase
(8.). ODC is tightly controlled with an ODC antizyme and rapid
ODC RNA and protein turnover to control polyamine levels.
Recycling: Further control of polyamine levels is exerted by acety-
lation of spermine and spermidine by spermidine/spermine N1
acetyltransferase (10.) using acetyl CoA and then polyamine oxi-
dase (11.) converts the acetylated polyamine to the next lower
form. Putrescine created by polyamine recycling can trigger fur-
ther polyamine synthesis without using ODC since putrescine can
allosterically stimulate AMD1 and serve as input to SRM. Sper-
mine oxidase (9.) can provide rapid reduction of spermine levels.
In addition, polyamine recycling can generate harmful hydrogen
peroxide and acrolein. Enzymes:1. Ornithine Transcarbamylase
(OTC); 2. Argininosuccinate Synthetase 1 (ASS1); 3. Argini-
nosuccinate Lyase (ASL); 4. Arginase 1 (ARG1); 5. Ornithine
Decarboxylase (ODC); 6. S-Adenosylmethionine Decarboxylase
1 (AMD1); 7. Spermidine Synthase (SRM); 8. Spermine Synthase
(SMS); 9. Spermine Oxidase (SMOX); 10. Spermidine/Spermine
N1 Acetyltransferase 1 (SAT1); 11. Polyamine Oxidase (PAO).

cally at sub-millimolar to millimolar concentrations
in cells whereas putrescine, the precursor, is usu-
ally kept at only trace amounts to control initiation
of polyamine synthesis and to protect SAM lev-
els since putrescine can allosterically increase SAM
decarboxylase (AMD1) activity, converting SAM to
decarboxylated SAM (dcSAM), as an initial step in
polyamine synthesis. SAM provides a methyl group
for epigenetic control whereas dcSAM, which cannot

serve as a methyl donor, provides an amino-propyl
group in polyamine synthesis. Keeping putrescine
levels low also prevents unwanted appearance of
nuclear aggregates of polyamines (NAPs) (Fig. 1B),
which are rings of putrescine, spermidine, spermine
and phosphate moieties [32]. NAPs can provide
coordinated binding of multiple polyamines that
could cause persistence of normally transient DNA
conformations (e.g., Z-DNA and cruciforms), com-
pared to the binding of individual polyamines [33].
NAPs could also interfere with proper RNA fold-
ing in nucleoli and stabilize autoantigenic complexes
including in neutrophil extracellular traps.

Nucleolar polyamines make many transient
interactions with RNA transcripts, temporarily neu-
tralizing some of the RNA’s self-repulsion to allow
RNA folding or binding of proteins. Therefore, we
can think of nucleolar polyamines as abundant and
mobile whereas the vast majority of nuclear and
cytoplasmic polyamines are at lower concentrations
and primarily bound to DNA, RNA, proteins, phos-
pholipids, or other anionic structures. An increase
in polyamines can cause changes in the nucleoli
but also can lead to increased polyamine recycling
as a means of recovery with the potential to alter
the balance of polyamine and acetylated polyamine
levels. Thus, under extraordinary stress a cell may
lose control of polyamines with wasteful use of
SAM and acetyl-CoA, even generation of harmful
acrolein and hydrogen peroxide, and the nucleolus
may not be able to respond properly to subsequent
stresses. One can imagine an initial change in nucle-
olar volume due to synthesis of cationic polyamines
that counters increases in anionic RNA content,
but then further variations in nucleolar size and
efficiency could occur as increased polyamine recy-
cling converts polyamines to acetylated polyamines
with reduced cationic character and weaker service
as counter ions making the nucleolus less produc-
tive, even counterproductive. Stressful events, such
as chemically induced oxidative stress, can cause
altered polyamine levels by activating transcription
of ornithine decarboxylase (ODC) for polyamine syn-
thesis and spermidine/spermine N1 acetyl transferase
(SAT1) for polyamine recycling [34]. Wasteful syn-
thesis and recycling could continue until lower SAM
and/or acetyl-CoA levels slow the process. It has been
reported that SAM levels in AD brains are greatly
decreased [35]. This could be due to allosteric over
stimulation of AMD1 by putrescine which is appear-
ing from increased ODC activity and/or polyamine
recycling by SAT1. As a result of low levels of SAM,
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there can be induction of p38 mitogen-activated pro-
tein kinase [36] and possibly other kinases that lead to
phosphorylation of tau and possible cell cycle arrest.
Increased SAT1 activity could cause lower acetyl-
CoA levels which could interfere with acetylation of
tau, a step that is thought to precede phosphoryla-
tion of tau. This could allow more phosphorylation
of sites on tau yielding hyperphosphorylated tau and
interfering with tau’s moderation of A� fibrillation
[37]. Acetylation of tau has been shown to inhibit
tau degradation and tau function [38, 39]. On the
other hand, tau hyperphosphorylation could increase
polyamine binding and shift the hyperphosphorylated
tau from a soluble state towards an aggregated and
less soluble state. Acetylation of tau at lysine 280
has been reported as a pathological modification that
alters tau solubility [40]. Some of the connections
between polyamine metabolism abnormalities and
induction of tauopathies have been reported previ-
ously [41].

Translation of SAT1 RNA is suppressed by nucle-
olin, an important nucleolar protein, which keeps the
SAT1 RNA sequestered [42]. However, in AD there is
decreased nucleolin in the nucleolus and nucleus [43]
which could allow for release of pre-existing SAT1
RNA with a sudden great increase in polyamine recy-
cling. The lower nucleolin levels could result from
leakage of nucleolin following nucleolar disruption,
or binding of nucleolin by an abundance of RNA pol
III transcribed Alu transcripts, or a purported role
of nucleolin in moving pathogenic material to the
cell surface [44]. Without sufficient nucleolin, prod-
ucts of polyamine catabolism, such as acrolein and
hydrogen peroxide, could lead to oxidative damage to
mitochondria [45]. Increased putrescine from SAT1
activity can allosterically increase AMD1 activity
reducing SAM while supporting more polyamine
synthesis. Putrescine originating from polyamine
recycling can even exceed the de novo synthe-
sis of putrescine from ornithine (originating from
the Urea cycle) by the tightly controlled ODC
enzyme. Regarding the Urea cycle, we should note
that increased arginase activity has been reported
in brains of AD patients [46]. Meanwhile, SAT1
activity reduces available acetyl-CoA needed for
acetylcholine synthesis, acetylation of tau, histone
acetylation and other metabolic uses of acetyl-CoA.

The resulting mayhem from abnormal stress and
wasteful polyamine metabolism could include: low-
ered SAM and acetyl-CoA levels; great swings in
polyamine and acetylated polyamine levels; appear-
ance of cytotoxic acrolein and hydrogen peroxide;

expression of RNA pol III Alu transcripts; nucle-
olar leaking and fragmentation; reduced nucleolar
assembly of ribonucleoproteins; release of high con-
centrations of polyamines into the nucleus proper and
the cytoplasm; release of autoantigens, some possibly
containing viral components (e.g., EBNA1); appear-
ance of NAPs; damage to mitochondria; polyamine
interference with channels and receptors; altered
synapse activity including reduced plasticity; and
increased polyamine involvement in coordination of
transmembrane proteins that leads to clustering and
abnormal deposition (e.g., altered plaque formation).

Polyamines and AD

Many aspects of polyamines in relation to AD have
emerged over the past three decades. Polyamines
are important in neurons with involvement in micro-
tubule assembly [47], amyloid deposition [48],
countering oxidative stress, and ion channel reg-
ulation to mention a few routine functions. Also,
additional polyamines are stored nearby in astrocytes
and glial cells if needed. However, altered polyamine
levels in the brain of AD patients have been reported,
including increased levels of ODC, the initial enzyme
in polyamine synthesis [49], with partial localiza-
tion of ODC from the nucleus to the cytoplasm [50],
and increased accumulation of the ODC antizyme
inhibitor 2 (AZIN2) in AD brains [51]. In murine
models of tauopathies, over expression of AZIN2 can
cause an abnormal polyamine response with increase
in acetylated polyamines and abnormal tau deposi-
tion [41]. Altered polyamine levels impact multiple
aspects of AD, such as condensing hyperphosphory-
lated tau which is an adverse effect in AD [52]. The
concept of an abnormal polyamine stress response
in AD and in aging in general has been proposed
recently [53]. An accumulation of A� associated with
spermine, rising to levels of toxicity, in AD brain neu-
rons could result from dysregulation of polyamine
enzymes and polyamine intake [54]. Recent stud-
ies suggest that polyamines in the brain are locally
synthesized as opposed to uptake from the blood
[55]. With regards to neurons and neurodegenera-
tive diseases, polyamine homeostasis is important
for synapse functioning and plasticity by, for exam-
ple, altering channel conductance [56]. Consider the
fact that Ca+2 ions flowing through calcium perme-
able channels step from one anionic residue to the
next. However, the ∼16 Å long spermine (+4) in the
channel can mask multiple anionic residues prevent-
ing calcium movement. Polyamines can also mask
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receptors in neurons and alter the receptor’s signaling
activity.

The nucleolus

With regards to higher order epigenetics, a major
heterochromatic structure in the cell is the nucleo-
lus. Unlike the cell membrane and nuclear envelope,
the nucleolus does not have a delimiting lipid-like
membrane, but instead maintains a heterochromatic
shell. The lumen of a nucleolus has relatively low
DNA content since the space is primarily dedicated to
RNA folding and ribonucleoprotein assembly. How-
ever, the nucleolar lumen can contain some DNA,
such as: 1) ribosomal genes in nucleolar organiz-
ing regions (NORs), 2) DNA being repaired, 3)
DNA incorporating into centromeres, and 4) Xi
DNA during maintenance of X chromosome inac-
tivation. Within the nucleolus are fibrillar centers in
which RNA is transcribed. Surrounding the fibrillar
center is a layer called the dense fibrillar compo-
nent for pre-processing of RNA transcripts, and the
rest of the volume is the granular component (GC)
for ribonucleoprotein assembly. Regarding nucleo-
lar dynamics, there can be more than one nucleolus
in a cell and nucleolar size, number, and proteome
can change as needs arise. The nucleolar proteome,
estimated to be 4,500 different proteins, has ongo-
ing exchange between the nucleolus, nucleus and
cytoplasm depending on requirements for different
nucleolar activities [57]. Basic functions of the nucle-
oli are folding of nascent RNAs and assembly of
ribonucleoprotein complexes, such as generation of
ribosomes and tRNAs for translation. These func-
tions require sufficient open volume for folding linear
RNAs and high levels of the cationic polyamines
to act as counter ions to neutralize the anionic self-
repulsion in RNAs. In recent years specific nucleolar
functions have emerged including assembly of signal
recognition particles (SRP), spliceosome compo-
nents, ribosomal components, and centromeres [58,
59]. Additional functions are DNA repair, process-
ing of utility RNA transcripts (e.g., structural RNAs),
refolding of RNAs as needed, and segregation of het-
erochromatin and euchromatin [60]. This makes the
nucleolus a valuable target for viruses as they use
the nucleoli for viral replication and assembly, but
this misappropriation can lead to a nucleolar stress
response. Besides viral activation, other triggers of
nucleolar stress response (e.g., chemicals) and the
subsequent effects have been reported [61].

Among chromosomes associated with nucleoli are
acrocentric chromosomes with NORs in their short
arms: chromosomes 13, 14, 15, 21, and 22. A primary
function of the nucleolus is creating ribosomes for
which the NORs contain key ribosomal genes. Epige-
netic control of genes in the heterochromatic shell and
in peri-nucleolar chromosomes could be adversely
affected by stress-driven nucleolar morphological
changes, particularly expansion, that require remod-
eling of the nucleolar shell. Although the nucleolus is
one of the most dynamic, multi-functional and active
components of the cell, and organization of the over-
all genome is centered around the nucleolus [62],
integrity of the nucleolus is dependent on the stability
of its heterochromatic shell and control of changes in
polyamine levels since polyamines in nucleoli, have
important dynamic roles in nucleolar functions and
drive nucleolar changes in response to stress [31].
Nucleoli disappear during mitosis but reconstitute
around NORs after cell division. Reformation of the
nucleolar heterochromatic shell involves stabiliza-
tion of the shell by nucleolin bound to Alu element
sequences in structural RNA transcripts, i.e., nucle-
olar “duct tape”. However, in AD there is decreased
nucleolin in the nucleolus and nucleus, potentially
leaving the nucleolar shell vulnerable to loss of
integrity [43].

Peri-nucleolar chromosomes

The inactive X chromosome (Xi; aka, the “Barr
body”) is a major heterochromatic structure (i.e.,
higher order epigenetics) in cells of most females
(46,XX; 47,XXX; etc.) and Klinefelter males
(47,XXY). In humans, most X chromosome genes are
not related to sex differentiation. Therefore, female
cells (46,XX) need only one active X per cell to attain
gene expression equivalent to male cells (46,XY). X
chromosome inactivation begins early in embryogen-
esis when each female cell will randomly select one X
(maternal X or paternal X) to remain active (Xa) and
the other X becomes the inactive X (Xi). Any addi-
tional X chromosomes (e.g., 47,XXX females) will
also be inactivated. Subsequent daughter cells will
maintain the same inactivation pattern. As a result,
based on the original embryonic choices, the adult
female will have tissue sections in which all cells have
a maternally derived Xi next to sections in which all
cells have a paternally derived Xi. Inactivation initi-
ates from the long arm (Xq) at Xq13 with expression
of the X inactivation specific transcript (XIST) RNA
transcripts which spread over and bind contiguous
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chromatin, first over the Xq and then the short arm
(Xp), anchoring the XIST RNA at LINE-1 sites and,
as the XIST RNA binds, it recruits epigenetic silenc-
ing factors (e.g., DNA methyl transferases) [63]. As a
result, the Xi forms a dense heterochromatic body that
localizes at the nuclear periphery against the nuclear
envelope and is frequently next to nucleoli which
assist in maintaining X inactivation. Xq (primarily
the Xi core) will have approximately 95% of genes
suppressed and Xp (primarily at the Xi surface) with
approximately 65% of genes suppressed resulting in
75–85% of Xi genes suppressed. Several X-linked
genes have purported significance in autoimmune
diseases, but of particular importance in this dis-
cussion are, at Xp22, spermine synthetase (SMS),
spermidine/spermine N1 acetyltransferase (SAT1)
and a “hot” LINE-1 (i.e., fully functional reverse
transcriptase activity). In addition, in the Pseudo-
Autosomal Region 1 (PAR1) towards the terminus
of Xp, there is a high concentration of Alu elements
(28.8% versus genome average of 11%) [64]. Nor-
mally these genes are suppressed on the Xi but, with
Xi disruption, these genes could be expressed with
significant detrimental effects. Disruption of normal
XIST RNA functioning in controlling the Xi is sus-
pected of contributing to the female bias in SLE and
RA [65].

The Xi is particularly vulnerable to disruption due
to its heavy demand for methylation and repackaging
following replication and due to the Xi’s peripheral
location near the nuclear envelope that, compared
to other chromosomes, delays the Xi’s completion
of replication (late S phase or even early Gap 2)
(Fig. 3A). A stress-related decrease in available SAM
could hamper methylation of the Xi and lead to
the opening of sequestered endogenous gene alle-
les (including X-linked polyamine gene alleles), Alu
elements, and latent viral genes. In addition, the Xi
is sandwiched between the nuclear envelope and a
nucleolus making the Xi (aka, the “nucleolar satel-
lite”) vulnerable to epigenetic disruption and spatially
limited in responding intact to occasional stress-
driven nucleolar dynamics (Fig. 3B).

Other chromosomes that could be disrupted
by nucleolar stress are the aforementioned NOR-
containing chromosomes around which the nucleolus
forms following mitosis. This intimate involvement
of NOR-containing chromosomes is understandable
since ribosome formation is a major function of
nucleoli. Of particular interest with regards to AD
is chromosome 14 with the presenilin-1 (PSEN1)
gene and chromosome 21 with the amyloid � pre-

Fig. 3. Lupus Scenario. This scenario from the “X chromosome-
nucleolus nexus” hypothesis was proposed for autoimmune
diseases, especially SLE, to explain the female bias of autoimmune
diseases based on involvement and vulnerability of the inactive
X chromosome (Xi) with its normally epigenetically silenced
polyamine gene alleles and a high concentration of Alu elements
in the X’s pseudo-autosomal region 1 (PAR1). A) The Xi, a dense
heterochromatic structure, localizes to the nuclear periphery (at
the nuclear envelope) with approximately 75-85% of Xi genes
epigenetically suppressed. The Xi (aka, the “nucleolar satellite”
or “Barr body”) is typically next to a nucleolus where the Xi
can be impacted by nucleolar dynamics during a cellular stress
response. B) Stress can increase polyamine levels which causes
expansion of the nucleolus, disrupting the Xi and opening pre-
viously sequestered gene alleles. C) Previously silent Xi genes
at Xp22, spermine synthase (SMS) and spermidine/spermine-1-
acetyltransferase (SAT1), could be expressed, further increasing
polyamine synthesis and recycling. In addition, an abundance of
Alu elements in PAR1 can be opened for expression by RNA pol III.
RNA pol III Alu RNA transcripts compete with structural RNAs
for binding nucleolin, thereby disrupting nucleolar integrity and
releasing high levels of nucleolar polyamines and formation of
autoantigens such as Z-DNA. Expression of a “hot” LINE-1, also
at Xp22, could lead to reverse transcription.

cursor protein (A�PP) gene. PSEN1 and A�PP are
both involved in the generation of A�, a protein of
significant interest in AD due to adverse amyloid
plaque formation. It should be noted that Down’s syn-
drome patients, with an extra chromosome 21, have
an increased risk for AD with amyloid plaque buildup
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and earlier onset of AD, possibly due to the extra copy
of A�PP [66].

Chromosomes 17 and 19 also closely associate
and/or coordinate with the nucleolus, (i.e., possible
TAD-like interactions) [62] and may suffer nucleolar
driven disruption of their established epigenetic con-
trol. Chromosomes 17 and 19 have genes involved in
DNA repair, which is a major function of the nucle-
olus. In addition, chromosome 17 contains the tau
gene involved in hyperphosphorylated tau aggregates
in AD and chromosome 17 contains the myeloper-
oxidase (MPO) gene which, with over expression,
can lead to increased memory difficulties in AD [67].
Also, chromosome 19 can contain the apolipopro-
tein E4 (APOE4) allele that, compared to APOE2
and APOE3, accelerates deposition of amyloid [68].
Both chromosomes 17 and 19 contain more than dou-
ble the average genomic gene density making any
recovery of epigenetic control following disruption
more difficult due to competition between neighbor-
ing genes for DNA binding proteins, negative DNA
super coiling stress needed for nucleosome forma-
tion, and reestablishment of proper DNA and protein
epigenetic modifications.

Alu elements and nucleolar disruption

Alu elements are short, interspersed elements, GC-
rich, and average 300 bases in length. There are more
than 106 Alu elements in the human genome com-
prising 11% of the genomic DNA, but expression of
most Alu elements, which contain an internal RNA
polymerase III (RNA pol III) transcription start site, is
suppressed by a positioned nucleosome over the RNA
pol III transcription start site. In effect, Alu expres-
sion by RNA pol III generates Alu retrotransposons
which could potentially place demands on SAM lev-
els for methylation, especially if reverse transcribed.
Thirty-seven neurological and neurodegenerative dis-
eases have been identified that are believed to involve
harmful Alu activity [19]. An accumulation of Alu
RNA, as observed in some neurological diseases
(e.g., dementia and Creutzfeldt-Jakob disease), has
been proposed as having a possible cytotoxic role in
AD [69]. With regards to AD, there is importance
of Alu elements in neurological network formation
in development of human cognition, but Alu expres-
sion could also disrupt epigenetic control of genes
involved in mitochondrial functioning, potentially
leading to mitochondrial-driven apoptosis.

Alu elements have proliferated as retro elements
in the human genome facilitated by reverse tran-

scriptases, such as LINE-1 [70]. Although LINE-1
elements account for 17% of the human genome
and 34% of the X chromosome, most are consid-
ered non-functional for reverse transcription with
only an estimated 90 still viable, which are referred
to as “hot” LINE-1s, but those are typically epi-
genetically suppressed [71]. One “hot” LINE-1 on
the X chromosome short arm (Xp) at Xp22 is of
particular interest with the possibility that it could
become active from one or both X chromosomes in
stressed cells. Reverse transcription activity has been
demonstrated to be biased towards LINE-1 RNA at
3,000-fold greater compared to reverse transcription
of other RNAs since the nascent functional LINE-
1 protein is formed near the LINE-1 RNA currently
being translated by the ribosome [72]. It was also
found that reverse transcription of Alu RNA was 300-
fold greater compared to other RNAs since Alu RNA
localizes to ribosomes due to the Alu’s similarity to
the SRP’s Alu domain which localizes the SRP to the
ribosome where the SRP monitors emerging nascent
polypeptides for extracellular protein signals [73].

Alu element sequences are often located within
genes such as the structural RNAs that bind nucle-
olin in stabilizing the nucleolar shell, the “duct tape”
mentioned above. However, Alu elements can be
independently transcribed by RNA pol III using
the Alu’s internal RNA pol III transcription start
site if the positioned nucleosome over the start site
is displaced or disrupted. Extensive disruption of
chromatin could lead to a flood of Alu transcripts
created by an abundance of RNA pol III typically
present near the nucleolus, similar to an Alu “heat
shock” response [74]. Many RNA transcripts pro-
cessed in the nucleolus are created by RNA pol III,
thus explaining the local availability of significant
amounts of RNA pol III enzyme near nucleoli. Since
RNA pol III does not require energy and is quite
processive, there can be a rapid accumulation of
RNA pol III Alu transcripts and even “hot” LINE-1
reverse transcribed hypomethylated Alu DNA. Re-
establishment of epigenetic control of Alu elements
in stressed chromatin would be difficult since Alu
elements can form alternate conformations (e.g., cru-
ciforms)from fluxing negative (underwinding) DNA
supercoiling stress released from disrupted nucleo-
somes. Alternate DNA conformations can obstruct
reformation of the positioned nucleosomes. Each
nucleosome stores one negative supercoil (under-
winding stress)wrapped around the histone core
while the DNA strands are in B-DNA (right hand
coiling) form. Reformation of disrupted nucleosomes
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with bound histones must compete with cationic
polyamines, other DNA-binding proteins, and alter-
nate transient conformations of negative supercoiling
stress storage such as Z-DNA (left hand coiling), cru-
ciforms, and strand separation. Also, Alu elements
in chromatin, being very GC-rich, require extensive
methylation which could be hampered by low lev-
els of SAM. Especially problematic in re-establishing
control are sites with a high density of Alu elements
and other active genes, such as the pseudo-autosomal
region 1 (PAR1) on the X chromosome (28.8% Alu)
[64], chromosome 17 (18% Alu overall and 30% Alu
at 17p13.3) [75], and chromosome 19 (25.8% Alu
overall) [76]. Other chromosomes may also harbor
Alu-rich content, such as NOR-containing chromo-
some 22’s long arm, 22q, which is 19% Alu [77].
Disruption of high concentrations of Alu elements in
chromatin could lead to Alu cruciforms and/or strand
separation followed by hybridization of strands from
different Alu elements (inter-Alu hybridization) mak-
ing it even more difficult to recover the original DNA
strand pairings and heterochromatic structure, i.e.,
creating a tangle of disorganized chromatin with loss
of epigenetic control, degrading cell viability.

Opening of chromatin could expose sites of DNA
damage needing repair, a function involving the
nucleolus and genes from chromosomes 17 and 19.
This may explain the UV light sensitivity in SLE
since opening DNA repair genes on 17 and/or 19
could also open the high concentrations of Alu ele-
ments on these chromosomes. The fact that nucleolar
levels of the DNA repair scaffold protein, poly [ADP-
ribose] polymerase 1(PARP1), are reduced in AD
suggests PARP1 may be leaking from the nucleolus
and is being recruited to sites of DNA damage or is
involved with increased RNA transcripts. PARP1 is a
key, multi-functional protein involved in DNA repair
of single- and double-strand breaks, stabilizing repli-
cation forks, and facilitating chromatin remodeling
[78]. In addition, PARP1 is involved in RNA stabil-
ity and turnover [79]. Viral RNA, excessive Alu RNA,
newly exposed DNA damage in the nucleus, and/or
nucleolar disruption may explain reduced levels of
PARP1 in the nucleolus reported in AD [80].

A danger from expression of a large number of
RNA pol III Alu transcripts is that there could be
competition between RNA pol III Alu transcripts
and the Alu sequences in the structural RNA in the
complexes of nucleolin/structural RNAs that stabi-
lize the nucleolar shell. This competition could lead
to compromise of the shell resulting in nucleolar inef-
ficiency, leaking, fragmentation and even dissolution

of nucleoli as the RNA pol III Alu transcripts usurp
the supply of available nucleolin without contribut-
ing to maintenance of nucleolar structural integrity
[81]. This insult to nucleolar integrity could release
the high concentrations of free polyamines from the
nucleolus into the nucleus proper and the cytoplasm
where the preexisting polyamines, which are at lower
concentrations and are relatively less mobile, are
bound to DNA, RNA, proteins, and phospholipids.
The sudden flood of free polyamines from the nucle-
olus could cause aggregation of anionic moieties such
as hyperphosphorylated tau and stabilization of tran-
sient DNA and RNA conformations (e.g., Z-DNA
and cruciforms). This flood of polyamines could also
accelerate amyloid deposition [48], interfere with
neuron signal transduction, interfere with receptors,
interfere with mitochondrial calcium channels, and
stabilize autoantigenic complexes. Other neurolog-
ical diseases also involve problems from increased
polyamines, potentially involving a flood of released
nucleolar polyamines. Higher levels of polyamines
are seen in red blood cells in amyotrophic lateral
sclerosis (ALS) and PD patients [82]. This could
involve difficulties with polyamine levels and nucle-
olar integrity prior to or concurrent with the extrusion
of nuclei from the red blood cells, or it may involve
greater uptake of polyamines arising from other cells,
bacteria, or other triggers. Polyamines stimulate mis-
folding and abnormal aggregation of �-synuclein in
PD [83] and are involved in Lewy body formation in
PD [84], while excess polyamines in ALS can create
receptor and channel blocking issues [85].

Another problem that could arise with excess
RNA pol III Alu transcripts is that the transcripts
could compete with the 7SL RNA for binding of
SRP9/14 protein dimers in the nucleolus leading
to lower levels of functional SRP, a nucleoprotein
complex that identifies nascent polypeptides that
code for proteins which will be released extracel-
lularly via the endoplasmic reticulum. Incomplete
SRPs localizing at ribosomes could still bind nascent
polypeptides of extracellular proteins and escort
the ribosome/mRNA/SRP/polypeptide complex to
an SRP receptor in the endoplasmic reticulum, but
incomplete SRPs would not be able to halt transla-
tion during the translocation. Also, lower levels of
normal SRP could miss some extracellular polypep-
tides and fail to temporarily halt translation of those
emerging nascent extracellular polypeptides. These
errors would allow exposure of the nascent extracel-
lular polypeptide currently undergoing translation to
intracellular enzymes (e.g., transglutaminases) [86].
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In this scenario, polyamines could be conjugated to
proteins (aka, polyamination) by transglutaminases
and be oxidized down to the acrolein-conjugated pro-
teins previously mentioned in AD and SjS. This could
be particularly problematic with a sudden flood of
polyamines, such as from the nucleolus. Acrolein,
being a cytotoxic agent, is suspected of involvement
in neurodegenerative diseases.

Here importance has been placed on Alu ele-
ments due to their abundance (>106 copies) and their
demonstrated effect on nucleolar integrity, but there
are many other RNA sequences that could provide
disruptive effects, such as long non-coding RNA
genes (lncRNAs;>200 bases) that can affect expres-
sion of other genes cis (≤10K bp)or trans (>10K bp)
away from the lncRNA gene.

Triggers

A variety of triggers have been associated with AD
either as a single event or as multiple events with
an accumulation of adverse effects. Some triggering
factors that can lead to AD are metals [87], bacteria
[88], viruses [89], and physical trauma [90]. Abnor-
mal nucleolar stress can be a common component in
AD onset and progression. Metals (e.g., aluminum,
copper, iron, zinc) in increased levels can accumu-
late; alter blood-brain barrier permeability; impact
oxidative stress; and adversely substitute for each
other as co-factors in enzymatic activity causing cel-
lular stress [91]. We can also consider the concept of
the autoimmune/inflammatory syndrome induced by
adjuvants (ASIA; aka, Shoenfeld’s syndrome) [92],
in which immunogenic components added to vac-
cines or drug formulations to stimulate a focused
immune reaction to pathogenic material may actually
provoke an autoimmune disease due to a moregener-
alized reaction to anomalous material of endogenous
origin, such as from a disrupted nucleolus, or material
from reactivated latent viral genes.

Physical trauma can contribute to AD since dam-
aged proteins need to be replaced. More ribosomes
and tRNA than normally available are needed for
this recovery and therefore the nucleolar volume
and activity must increase, driven by polyamines.
Intracellular and extracellular structural tension when
disrupted could expose damaged proteins and DNA
damage that need repair; open unwanted gene expres-
sion; disrupt nutrient flow (e.g., damaged channels);
interfere with cell-to-cell contacts; and interfere with
cell-matrix adhesion.

In the case of stress triggered by bacteria (e.g.,
gut microbiota), bacteria do not control their pro-
duction of putrescine and spermidine. This can
raise circulating polyamine levels during infection
and those excess polyamines can enter cells via
polyamine transporters potentially causing an abnor-
mal polyamine stress response [93]. With regards to
cellular stress caused by viral activity, it is to the
virus’s benefit to increase nucleolar capacity, cre-
ating more ribosomes and tRNAs to facilitate viral
replication and assembly. Since polyamines induce
increased nucleolar capacity and activity, stimulat-
ing polyamine synthesis is a common early step in
viral activation [94]. One of the best examples of
viral impact on nucleoli via increased polyamines
is Epstein-Barr virus (EBV; aka, “human herpes
virus 4”) which is suspected of playing a role in
many autoimmune diseases, including in SLE [95].
Approximately 85 viral proteins and 50 non-coding
RNAs that originate from the EBV genome have
been identified for which EBV needs host cell assis-
tance for reproduction [96]. Upon activation, EBV
induces the host cell’s c-Myc proto-oncogene pro-
tein to increase gene expression of up to 15% of
genes in the human genome [97]. There are more than
70 genes induced by c-Myc that generate proteins
which localize to the nucleolus, such as nucleolin and
nucleophosmin [98]. Among the genes targeted by
c-Myc is ODC, which initiates polyamine synthesis
by generating putrescine [99]. Activity of spermidine
synthase (SRM) and spermine synthase (SMS) are
also induced by c-Myc, thereby increasing polyamine
synthesis [100]. And EBV upregulates RNA pol III
transcription which can generate structural RNAs,
ribosomal RNAs, tRNAs, Alu RNAs and many other
non-coding RNAs, as well as for expression of viral
RNAs [101]. Thus, the virus can hijack much of
the host cell’s nucleolar functioning for viral use by
increasing polyamine levels and RNA pol III activity,
making abnormal RNA pol III transcription a poten-
tial factor in diseases [102]. Another example of a
virus known to impact the nucleolar structure upon
activation is adeno-associated virus type 2 (AAV2)
[103].

Whatever triggering event occurs, subsequent
chromatin disruption can induce the cGAS/STING
(cyclic GMP-AMP synthase/stimulator of interferon
genes) pathway that monitors chromatin and the
cytoplasm to alert the immune system of DNA
and/or RNA anomalies arising due to acute insults
or age-related degeneration. Most cGAS is tightly
bound to chromatin in the nucleus [104]. When
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cGAS senses anomalies, it can dimerize and become
active, generating cGMP that activates STING. The
cGAS/STING pathway can induce ODC which will
increase polyamine synthesis and further deplete
SAM [105]. When SAM is extensively reduced, it
can induce p38 kinase that then phosphorylates tau,
leading to AD issues with hyperphosphorylated tau.

The “X chromosome-nucleolus nexus”
hypothesis

The “X chromosome-nucleolus nexus” hypothe-
sis, originally proposed in 2015, describes a scenario
in which stress-driven nucleolar changes disrupt peri-
nucleolar chromatin, which can lead to onset of SLE
with possible parallels in other autoimmune diseases
[22]. Due to the female bias of many autoimmune
diseases, the hypothesis was primarily focused on
the Xi’s vulnerability and proximity to the nucle-
olus (Fig. 3A) during a nucleolar stress response
with expansion of the nucleolus that could poten-
tially disrupt the Xi (Fig. 3B) and open sequestered
gene alleles, leading to loss of dosage compensation.
X-linked gene alleles of particular interest are SMS
involved in polyamine synthesis, and SAT1 involved
in polyamine recycling. Both SMS and SAT1 are
located at Xp22, and both are normally silent on the
Xi, but expressed from the active X (Xa) [106]. Over
expression of SMS and/or SAT1, possibly from reac-
tivation on a disrupted Xi, could lead to futile rounds
of polyamine synthesis and recycling that draw down
SAM levels and acetyl-CoA. Additional polyamines
created could further impact nucleolar dynamics.

Besides the X-linked polyamine genes, another
problem is the opening of Alu elements, such as the
high concentration of Alu elements in the Xi’s PAR1.
RNA pol III enzyme near the nucleoli could rapidly
generate an abundance of RNA pol III Alu transcripts
using the internal transcription start site within Alu
elements. The Alu transcripts could flood the nucle-
olus, form abnormal ribonucleoprotein complexes,
and interfere with SRP assembly and functioning.
There may even be reverse transcription of Alu ele-
ments by fully functional LINE1 proteins, such as
a “hot” LINE1 gene at Xp22 on the Xi. High lev-
els of Alu DNA have been observed in the free
DNA in SLE patients’ sera which may arise from
reverse transcription [18]. In addition, since many
autoantigens in SLE are, at least transiently, resident
in the nucleolus, it suggests that there is extraordi-
nary stress occurring in nucleoli in SLE that can
lead to improper conformations, modifications and/or

assemblies of ribonucleoprotein complexes, such
as assemblies containing viral proteins. Nucleolar-
associated autoantigens in SLE can include Ku, Ro,
La, nucleolin, and more [107]. These entities, in
some autoantigenic state or complex, could trigger an
autoimmune reaction which then expands via epitope
spreading to the more abundant normal forms.

Also in 2015, a report was published describing
how segments of RNA pol III Alu transcripts, even as
short as 20 bases, can disrupt the integrity of nucleoli
by competing with the Alu sequence in the structural
RNA normally bound to nucleolin, leading to nucle-
olar inefficiencies, leaking, and even fragmenting
[81]. This provided a possible connection between
disruption of the Xi with its abundance of Alu ele-
ments in PAR1 and nucleolar disruption with release
of autoantigenic material, leading to development
of autoimmune diseases like SLE (Fig. 3C). Nucle-
olar fragmentation could also release high levels
of nucleolar polyamines which could bind material
in the general nucleus disrupting transcription and
replication and stabilizing normally transient confor-
mations, like cruciforms (e.g., in Alu sequences) and
Z-DNA in autoantigenic forms. Z-DNA is a frequent
target for autoantibodies in SLE and RA [108], and
the anti-DNA autoantibodies show greater avidity in
the presence of spermine as if spermine was involved
in the initial provocation [109]. This suggests there
may be epitope spreading from the initial autoanti-
genic anomalous entity. Subsequently, updates to the
original “X chromosome-nucleolus nexus” hypothe-
sis were published incorporating nucleolar disruption
by RNA pol III Alu transcripts [110–112].

There is relevance for the “X chromosome-
nucleolus nexus” hypothesis in AD since, for
example, in AD there are alterations in nucleolar out-
put affecting protein synthesis [113, 114] and there
are increased polyamine levels in the brains of AD
patients including increased levels of ODC, the ini-
tial enzyme involved in polyamine synthesis [115,
116].

THE POLYAMINE HYPOTHESIS:
ALZHEIMER’S DISEASE SCENARIO

Originating from the earlier “X chromosome-
nucleolus nexus” hypothesis, which primarily
focused on SLE and the Xi, the “polyamine” hypoth-
esis was developed using a broader scope based on
systems biology and autoimmune disease tautology.
In regard to AD, the “polyamine” hypothesis suggests
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events that may precede abnormal aggregation of tau
and A� deposition difficulties, thereby allowing us
to move past the debates on “tau versus A�” as the
primary instigators.

Polyamine dysregulation in AD can include altered
polyamine metabolism, intake, interactions, and
localization. Interactions of polyamines with ion
channels, receptors, synapses, nucleic acids, and
phospholipids are frequently discussed activities, but
polyamines can also participate in amyloid depo-
sition, microtubule assembly and in condensing
hyperphosphorylated tau. Thus, polyamine dysregu-
lation is a key aspect of tau neuropathies and amyloid
problems. Others have recently discussed polyamine
functions and abnormalities in AD and demen-
tia with regards to A� plaque formation [48], tau
neuropathies [117], metabolic dysregulation includ-
ing polyamine storage and stress responses [52],
autophagy control [118], protection against lipid per-
oxidation [119], channel and receptor control [85],
and general involvement in age-related disease [120].
Those works point to importance of polyamines in
AD and neurological disorders in general.

A simplified neuron in its normal state is depicted
with NOR containing chromosomes (13, 14, 15, 21,
22) in the nucleolar heterochromatic shell and other
relevant chromosomes (Xi, 17, 19) in close prox-
imity to the nucleolus (Fig. 4A). The “polyamine”
hypothesis could occur in other cell types and lead to
other related autoimmune diseases, but neurons with
polyamine dysregulation and tau and A� aggrega-
tion are of significant importance in AD. Therefore,
a neuron will be the focus for further discussion of
the hypothesis (Figs. 4 and 5).

Cellular stress can arise from a number of differ-
ent triggers creating a need for increased nucleolar
activity for cell recovery. Since polyamines are at
their highest intracellular levels in the nucleolus
where they act as counter ions in RNA folding and
ribonucleoprotein assembly and since polyamines
drive increased nucleolar volume and activity, there
is increased polyamine synthesis to stimulate the
nucleolus following insult from the various triggers.
Among the triggers, the hypothesis is best exem-
plified by EBV, and possibly other herpes viruses
which can cause infections with suspected roles in
autoimmune diseases. With regards to AD, some
EBV proteins are suspected of a direct role in ini-
tiation of amyloid aggregate formation [121]. EBV
involvement is suspected in at least seven major dis-
eases [122], including AD and PD. Latency of the
viral genes can explain why these diseases typically

Fig. 4. Alzheimer’s Scenario. This scenario improves on the
“X chromosome-nucleolus nexus” hypothesis by providing addi-
tional insights based on Alzheimer’s research. It could also be
called the “polyamine dysregulation and nucleolar disruption”
hypothesis, or simply the “polyamine” hypothesis. This hypothe-
sis potentially has relevance in multiple autoimmune diseases. A)
Chromosomes (13, 14, 15, 21, 22) containing nucleolar organizing
regions (NORs) are part of the nucleolar heterochromatic shell and
contain genes of importance in AD: presenilin-1 (PSEN1) on chro-
mosome 14 and amyloid precursor protein (APP) on chromosome
21. Other chromosomes of interest are chromosome 17 with the tau
(TAU) gene and the myoperoxidase (MPO) gene, and chromosome
19 with the ApoE4 allele. Chromosomes 17 and 19 can localize
near the nucleolus since they contain genes involved in DNA repair,
a function of the nucleolus. B) Stress can increase polyamine levels
causing nucleolar expansion, potentially disrupting neighboring
chromosomes (e.g., Xi, 17, 19). Chromatin disruption can open
previously sequestered sequences, such as Alu elements, which
comprise 11% of the genome. Xi PAR1 is ∼29% Alu, 17p13.3 in
chromosome 17 is 30% Alu, and all of chromosome 19 is 25.8%
Alu. C) An abundance of RNA pol III enzyme typically found
near nucleoli can express “free” Alu transcripts that compete with
RNA pol II transcribed structural RNAs (containing intronic Alu
sequences) bound to nucleolin, thereby disrupting the nucleolar
heterochromatic shell. As a result, nucleoli lose their integrity
with leaking and even fragmentation. SAT1 transcripts, previously
sequestered by nucleolin, increase polyamine recycling which
reduces acetyl-CoA (impacting acetylcholine levels) and gener-
ates putrescine further increasing polyamine synthesis (impacting
SAM levels). Low SAM levels can induce p38 kinase phospho-
rylation of Tau, which can aggregate when bound by released
nucleolar polyamines. Nucleolar poly [ADP-ribose] polymerase
1 (PARP1) levels drop as PARP1 binds exposed DNA damage and
an abundance of RNA.
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Fig. 5. Stress Impact on Polyamines. Stress can lead to waste-
ful rounds of polyamine synthesis and recycling. A) Increased
polyamine synthesis occurs from stress as the cell needs to increase
nucleolar activity for recovery. B) Extensive polyamine synthesis
reduces SAM which can trigger p38 kinase phosphorylation of tau.
Subsequent abnormal release of nucleolar polyamines can aggre-
gate phosphorylated tau. C) “Free” Alu transcribed by RNA pol
III can compete with structural RNAs (stRNA) bound to nucleolin.
This weakens the nucleolar heterochromatic shell. D) “Free” Alu
transcripts can also compete nucleolin off sequestered SAT1 tran-
scripts. The SAT1 protein can cause super induction of polyamine
recycling that draws down acetyl-CoA, impacting acetylcholine
levels, and creates putrescine which induces further polyamine
synthesis. Also, there is potential creation of cytotoxic acrolein and
hydrogen peroxide. Polyamine recycling by acetylation and oxida-
tion works to reestablish polyamine levels as the cell recovers from
stress. Enzymes:1. Ornithine Transcarbamylase (OTC);2. Argini-
nosuccinate Synthetase 1 (ASS1); 3. Argininosuccinate Lyase
(ASL);4. Arginase 1 (ARG1);5. Ornithine Decarboxylase (ODC);
6. S-Adenosylmethionine Decarboxylase 1 (AMD1);7. Spermi-
dine Synthase (SRM); 8. Spermine Synthase (SMS);9. Spermine
Oxidase (SMOX);10. Spermidine/Spermine N1 Acetyltransferase
1 (SAT1);11. Polyamine Oxidase (PAO).

do not have initial onset until adulthood when suffi-
cient disruption has accumulated. Other triggers that
disrupt chromatin could open latent viral genes which
then add to the stress.

Viruses can persist by insertion of their genes in
chromatin, especially in fragile sites, which are slow
to replicate, and are particularly vulnerable to DNA
damage. A recent study of EBV insertions (in fragile

sites and elsewhere) in Burkitt lymphoma cell lines
shows a non-random pattern of potential EBV inser-
tion sites in every chromosome with chromosomes
1–8, 10, and 12 having abundant sites of integration
[123]. Susceptibility of some individuals to adverse
viral activity may depend on the cell type, the means
of viral entry, the viral load established, and the
vulnerability of sites in which the viral genes may
be inserted. Fragile site B (FRAXB) on the Xi short
arm is a particularly interesting possibility since the
Xi lags in replication and repackaging and the Xi is
vulnerable to disruption by an expanding nucleolus.
Viral activation could also entail replication and
release of virions that infect other brain cells as AD
progresses.

Upon activation, EBV induces the host cell’s c-
Myc protein to increase gene expression of up to 15%
of genes in the human genome, including genes that
localize to the nucleolus. Among the genes targeted
by c-Myc is ODC, which initiates polyamine syn-
thesis (Fig. 5A) by generating putrescine. Putrescine
(from ODC or SAT1) allosterically induces an
increase in decarboxylation of SAM by adenosylme-
thionine decarboxylase (AMD1), thereby reducing
SAM needed for cellular methylation. Also, c-Myc
induces increased polyamine synthesis and upreg-
ulates RNA pol III transcription to generate RNA
for ribosomes and tRNAs as well as for expression
of viral RNAs. Thus, the virus can hijack much of
the host cell’s nucleolar functioning for viral use
by increasing polyamine and RNA pol III activity.
Latent EBV genes can express microRNAs, non-
coding RNAs, and a variety of proteins that are
nuclear antigens (EBNAs 1, 2, 3A, 3B, 3C, EBNA-
LP) or membrane proteins (LMPs 1, 2A, 2B) [124].

The increase in polyamine synthesis will reduce
available SAM which can lead to induction of
tau phosphorylation by kinases (e.g., p38 kinase),
even to the extent of creating hyperphosphorylated
tau (Fig. 5B) [125]. If acetyl-CoA is low, which
could occur with extensive polyamine recycling,
acetylation of residues on tau could be faulty and
possibly leave more sites open to phosphorylation.
This gives tau more anionic character, which can
lead to aggregation by cationic polyamines, including
an abundance of free nucleolar polyamines released
when nucleolar integrity is compromised. The ini-
tial trigger-induced increase in polyamine levels will
cause expansion of the nucleolus, potentially disrupt-
ing epigenetic control in peri-nucleolar chromatin
(Fig. 4B). Disruption of the Xi can include opening of
the SMS and SAT1 alleles that are normally silent but
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now lead to further increase in polyamine synthesis
and recycling.

As the nucleolus expands with increased
polyamines, there is need for more nucleolin in
order to stabilize the nucleolar heterochromatic
shell using nucleolin bound to an Alu sequence in
a structural RNA transcript. However, as chromatin
is disrupted by the expanding nucleolus, it can
open Alu elements to RNA pol III transcription
(Fig. 4C). Some chromosomes (e.g., Xi, 17, 19,
22) near or in the nucleolus have exceptionally
high concentrations of Alu elements, as mentioned
earlier. A flood of RNA pol III Alu transcripts could
bind nucleolin but not contribute to stabilizing the
nucleolar heterochromatic shell, leading to leaking
of nucleolar polyamines and even fragmentation
of the nucleolus (Fig. 5C). In addition, nucleolin
sequesters SAT1 RNA but release of SAT1 RNA
when available nucleolin in the nucleolus drops
or is sequestered by RNA pol III Alu transcripts,
could trigger sudden intense polyamine recycling
by SAT1 which reduces acetyl-CoA levels (Fig. 5D,
E). Lower acetyl-CoA would hamper acetylcholine
synthesis, histone acetylation, and other uses of
acetyl-CoA, including acetylation of some residues
in tau, which appears to be a step that normally
precedes tau phosphorylation. Eventually reduction
of acetyl-CoA can also hamper polyamine recycling.
However, while there is acetyl-CoA available, the
increased SAT1 activity will create putrescine that
allosterically increasesd decarboxylation of SAM by
AMD1 leading to further production of polyamines.
Increased SAT1 activity could also generate acrolein
and acrolein-conjugated proteins. Fluctuations in
the ratios and levels of polyamines and acetylated
polyamines and decreased nucleolar integrity would
affect nucleolar efficiency in RNA folding and
ribonucleoprotein assembly. The resulting dynamics
of the nucleolus could disrupt neighboring chro-
matin and hinder re-establishment of epigenetic
control, leading to dysregulation in other pathways.
There could also be mitochondrial damage since
mitochondrial-related genes in the nucleus may
be disrupted and polyamines could block channels
supplying calcium to mitochondria [126]. We should
consider the possibility that, with their strong
cationic charges, polyamines can induce phase
shifts moving some materials from their normal
solubility to less soluble states. Since polyamines are
involved in amyloid plaque deposition, this process
could be altered with abnormal release of nucleolar
polyamines, along with disruption of epigenetic con-

trol of many AD-related genes, such as presenilin-1,
tau, APOE4, the amyloid precursor protein on
chromosomes 14, 17, 19, and 21, respectively. Other
consequences would follow (e.g., plaques, tangles,
lower acetylcholine, low SAM, low acetyl-CoA,
low levels of structural RNA/nucleolin complexes,
calcium channel disruption, acrolein-conjugated
proteins, altered synaptic activity, and more).

THERAPEUTIC POSSIBILITIES

The “polyamine” hypothesis provides many poten-
tial therapeutic targets. Since the targets are important
in normal cellular activity, it may require ongoing
administration of a cocktail of low doses of a variety
of drugs to slow or prevent AD without destroying
cells.

Research targeting polyamine enzymes for can-
cer therapeutics has been explored for many years,
but typically the approach towards cancers is to use
acute, high dose treatment in an attempt to eradicate
a patient’s cancer based on the cancer cells’ heavy
dependence on polyamines. This body of knowl-
edge may provide potential drug candidates that
could control or suppress some autoimmune diseases
if administered at lower doses over a longer term.
For example, diflouromethylornithine (DFMO; aka,
eflornithine), an inhibitor of ODC, gave promising
results in a mouse model of SLE but, when tested
in humans, it had side-effects, such as tinnitus and
hearing loss which, in rare cases, was irreversible.
Another polyamine-related target, AMD1 could be
targeted, at its active site and/or allosteric site, to
slow its conversion of SAM to decarboxylated SAM.
Acetyl-CoA levels may be preserved by inhibition of
SAT1. To counter activation of p38 MAPK kinase
and other kinases that may be activated by low SAM,
kinase inhibitors are being explored to reduce hyper-
phosphorylation of tau [127].

Recent research on positive effects of spermidine
in dementia patients [128] and age-related diseases in
general [129] suggest therapeutic possibilities using
spermidine. AD murine models have demonstrated
that spermidine can reduce neuroinflammation and
levels of soluble A� [130]. Spermidine is essential for
translation since spermidine is conjugated to a lysine
residue on elongation factor ElF5A (eukaryotic trans-
lation initiation factor 5A) and converted to hypusine
to activate EIF5A. Spermidine preserves mitrochon-
drial functioning and supports proper autophagy to
clear damaged cells from tissues [131]. In addition,
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supplemental spermidine reduces the demands on
SAM since the putrescine to spermidine step is not
needed.

Suppression of Alu expression may be a difficult
task since RNA pol III is needed for expression of
many other RNAs. Dampening RNA pol III activity,
such as using weak inhibitors, may have some bene-
fit. Increasing nucleolin expression and/or increasing
expression of structural RNAs involved in stabilizing
the nucleolar shell are other possibilities.

Since EBV is suspected of involvement in autoim-
mune diseases, EBV entry could be targeted with
a neutralizing antibody to prevent EBV’s spread to
neighboring cells [132]. To stop activity from reacti-
vation of viral genes, specific viral and endogenous
genes could be targeted, such as EBNA1 and other
EBV-related genes, the host’s c-Myc activity, and
polyamine genes. The cGAS/STING pathway that
monitors for DNA and RNA abnormalities could
also be targeted since the cGAS/STING pathway can
induce ODC activity.

EXPERIMENTAL TESTING OF THE
HYPOTHESIS

As with any hypothesis, this hypothesis should
be amenable to testing. Testing will involve moni-
toring nucleolar dynamics, polyamine metabolism,
Alu expression and expression of Alzheimer’s related
biomarkers (e.g., tau and A�). In vitro assays, such
as dynamic light scattering analysis of polyamines
and other cations (e.g., metals) can test the con-
cept of these cations causing aggregation of various
forms of tau (e.g., acetylated, phosphorylated). Also,
competition assays for nucleolin binding between
Alu RNA transcripts and nucleolar structural RNA
transcripts could be performed under proper RNase-
free conditions. The hypothesis implies that murine
models for human AD have shortcomings since the
murine genome lacks the abundance of Alu ele-
ments present in the human genome and there are
human versus mouse differences in chromosome
structure and content that further complicate analysis.
As far as structural differences, potential differences
in the stability of X chromosome inactivation in
the human submetacentric X chromosome versus
the murine telocentric X chromosome have been
discussed above. Regarding chromosome content,
difficulties in modeling Down’s syndrome (chro-
mosome 21 trisomy in humans) in mice exemplify
similar difficulties for AD models. Chromosome 21

(with its NOR, A�PP gene, and other chromosome 21
genes) is intimately involved with nucleolar dynam-
ics and possible epigenetic disruption whereas the
equivalent genes in the mouse map to three dif-
ferent murine chromosomes (10, 16, and 17) with
potentially less vulnerability to nucleolar dynamics
[133].

Fortunately, there have been recent advances in
human organoid techniques which will allow for
potentially greater options and fidelity in model-
ing human AD events [134]. It can also sidestep
issues with blood-brain barrier permeability, allow-
ing for administration and monitoring of compounds
that may otherwise be excluded. This can allow,
for example, testing with the large number of drug
candidates originally developed as cancer therapeu-
tics to target polyamine metabolism, but using them
as molecular probes: diminazene aceturate could be
used to inhibit SAT1 [135], diflouromethylornithine
to inhibit ODC [136], and valbenazine or verubecestat
to inhibit AMD1 [137]. Activity of p38 MAP kinase
and tau phosphorylation could also be monitored in
an organoid scenario using a variety of inhibitors and
activators [138]. In these various experiments, we
would want to monitor changes in SAM, acetyl CoA,
and acetylcholine levels.

An organoid system could also be used for test-
ing the effects of the great number of neuropeptides
that are believed to exist to determine their potential
neuroprotective effects [139]. We can take advan-
tage of autoimmune disease tautology in a brain
organoid simulation of AD by considering photosen-
sitivity in SLE. UV light can cause DNA damage
and trigger SLE-related skin rashes. This suggests
that DNA repair genes, such as in chromosomes
17 and 19, could be opened to assist in nucleolar
DNA repair. This could also open the high con-
centrations of Alu elements and disrupt epigenetic
control on those chromosomes and disrupt the nucle-
olus by Alu RNA competition for nucleolin with
release of sequestered SAT1 RNA from nucleolin as
proposed by the hypothesis in AD. AD brain cells
in vivo would not have this exposure to UV light,
but this could be a useful trigger in brain organoid
cells to study such events. Changes in DNase sen-
sitivity at specific sites (e.g., TAU and MPO alleles
on chromosome 17) could be monitored. Also, flo-
rescent labeled anti-nucleolin antibodies could show
changes in nucleolin localization. Other events that
could be explored in brain organoids are activation of
cGAS and the cGAS/STING pathway that can induce
increased ODC activity. Formation of autoantigens
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may be another observable feature in brain organoids.
Many autoantigens observed in SLE are nucleolar
components and the systemic nature of SLE allows
exposure of the autoantigens to the immune system.
Similar antigens may arise in AD brain cells, but the
blood-brain barrier prevents sufficient exposure to the
immune system to provoke an autoimmune response.
The possibility that such antigens are occurring in an
AD scenario can be explored with brain organoids.
Further testing could involve transfection of inducible
polyamine enzyme genes (e.g., AMD1), RNA pol III,
and/or Alu elements to test overexpression of those
genes in brain organoids.

CONCLUSIONS

Changes in polyamine levels are highly suspected
of an adverse role in autoimmune diseases even
though polyamines are essential in cells. Herein,
four routes of altered polyamine levels have been
described that may occur in AD and some other
autoimmune diseases. First, polyamine synthesis and
recycling can be increased by stress, including intra-
cellular viral or bacterial infection or latent viral gene
activation (e.g., EBV stimulation of c-MYC activ-
ity that induces increased SAT1, SMS, and ODC
activity). Second, polyamines stored in neighboring
cells, such as glial cells, can be released to counter
oxidative stress. Third, microbiota in the gut or tissue
infections can be a source of additional polyamines.
Fourth, disruption of the nucleoli, such as by RNA
pol III generated Alu transcripts, could release the
high concentrations of nucleolar polyamines.

Discussing possible involvement of polyamines in
AD can also provide insights that carry over to other
neurodegenerative diseases such as Huntington’s dis-
ease (HD), PD, and ALS. Keep in mind though that,
despite possible common mechanistic aspects, each
of these diseases differ, for example, in the cell type
and tissue setting (e.g., SLE is systemic, whereas the
main damage in AD is primarily behind the blood-
brain barrier) and they differ in autoantigens targeted
(e.g., citrullinated proteins being major targets in MS
and RA while tau and A� are major targets in AD,
and chromatin and/or nucleolar components are tar-
gets in SLE). Considering AD, HD, PD, and ALS,
they may have similar polyamine and nucleolar com-
plications, but we might think of AD as primarily
affecting memory whereas HD, PD, and ALS appear
to affect motor skills directed from other sites in the
brain.

There are alternate routes to polyamine dysregula-
tion to consider. For example, as an initiating event,
chromatin disruption could open extensive RNA
pol III Alu expression that fragments the nucleoli,
releasing nucleolar polyamines, and the Alu tran-
scripts overwhelm the nucleolin supply with release
of nucleolin sequestered SAT1 transcripts. Expres-
sion of SAT1 could initiate polyamine recycling
and putrescine induction of AMD1, thereby reduc-
ing SAM and acetyl-CoA, and only later inducing
increased polyamine synthesis. In effect, activation of
ODC, SRM, and SMS are not necessarily the initial
events, in contrast to the pattern described for EBV
initiation. We should also consider different results
if only SMS (polyamine synthesis) or only SAT1
(polyamine recycling), as opposed to both, escape
sequestration in the Xi. However overall, the different
routes would have many similarities.

In conclusion, the “polyamine” hypothesis brings
new concepts for AD: Alu disruption of nucleoli;
release of nucleolar polyamines; and the reduction
of SAM and acetyl-CoA that can occur from exces-
sive polyamine synthesis and recycling. Abnormal
fluctuations in polyamines and acetylated polyamines
can be quite disruptive. And the hypothesis points
to the need for more consideration of systems biol-
ogy approaches and autoimmune disease tautology in
autoimmune and neurodegenerative disease research.
New approaches, such as using brain organoids for
experimentation, and computational drug develop-
ment, can provide promising means of testing and
implementing the hypothesis.
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drome and systemic lupus erythematosus: Links and risks.
Open Access Rheum Res Rev 11, 33-45.

[12] Trzeciak P, Herbet M, Dudka J (2021) Common
factors of Alzheimer’s disease and rheumatoid
arthritis—pathomechanism and treatment. Molecules 26,
6038.

[13] Masi G, Annunziata P (2016) Sjögren’s syndrome and
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and primary Sjögren’s syndrome. Clin Chim Acta 411,
359-363.

[18] Li JZ, Steinman CR (1989) Plasma DNA in systemic
lupus erythematosus. Characterization of cloned base
sequences. Arthritis Rheum 32, 726-733.

[19] Larsen PA, Hunnicutt KE, Larsen RJ, Yoder AD, Saunders
AM (2018) Warning SINEs: Alu elements, evolution of the
human brain, and the spectrum of neurological disease.
Chromosome Res 26, 93-111.

[20] Rubin LH, Sundermann EE, Moore DJ (2019) The
current understanding of overlap between character-
istics of HIV-associated neurocognitive disorders and
Alzheimer’sdisease. J Neurovirol 25, 661-672.

[21] Padron GT, Hernandez-Trujillo VP (2023) Autoimmu-
nity in primaryimmunodeficiencies (PID). Clin Rev Allerg
Immunol 65, 1-18.

[22] Brooks WH, Renaudineau Y (2015) Epigenetics and
autoimmune diseases: The Xchromosome-nucleolus
nexus. Front Genet 16, 22-41.

[23] Igarashi K, Kashiwagi K (2019) The functional role of
polyamines in eukaryotic cells. Int J Biochem Cell Biol
107, 104-115.

[24] Goyns MH (1981) Relationship between polyamine accu-
mulation and RNA biosynthesis and content during the
cell cycle. Experientia 37, 34-35.

[25] Igarashi K, Kashiwagi K (2010) Modulation of cellular
function by polyamines. Int J Biochem Cell Biol 42, 39-51.

[26] Xaplanteri MA, Petropoulos AD, Dinos GP, Kalpaxis DL
(2005) Localization of spermine binding sites in 23S rRNA
by photoaffinity labeling: Parsing the spermine contribu-
tion to ribosomal 50S subunit functions. Nucleic Acids Res
33, 2792-2805.

[27] JovineL, Djordjevic S, Rhodes D (2000) The crystal struc-
ture of yeast phenylalanine tRNA at 2.0 A resolution:
Cleavage by Mg(2+) in 15-year old crystals. J Mol Biol
301, 401-414.

[28] Lee Y-H, Ren D, Jeon B, Liu H-W (2023) S-
adenosylmethionine: More than just a methyl donor. Nat
Prod Rep 40, 1521-1549.

[29] Wang Y, Yang H, Geerts C, Furtos A, Waters P, Cyr
D, Wang S, Mitchell GA (2023) The multiple facets of
acetyl-CoA metabolism: Energetics, biosynthesis, regula-
tion, acylation and inborn errors. Mol Genet Metab 138,
106966.

[30] Gfeller E, Stern DN, Russell DH, Levy CC, Taylor RL
(1972) Ultrastructural changes in vitro of rat liver nucleoli
in response to polyamines. Z Zellforsch Mikrosk Anat 129,
447-454.

[31] Whelly SM (1991) Role of polyamines in the regulation
of RNA synthesis in uterine nucleoli. J Steroid Biochem
Mol Biol 39, 161-167.

[32] D’Agostino L, Di Pietro M, DiLuccia A (2006) Nuclear
aggregates of polyamines. IUBMB Life 58, 75-82.

[33] Brooks WH (2013) Increased polyamines alter chromatin
and stabilize autoantigens in autoimmune diseases. Front
Immunol 4, 91.

[34] Smirnova OA, Isaguliants MG, Hyvonen MT, Keina-
nen TA, Tunitskaya VL, Vepsalainen J, Alhonen L,



854 W.H. Brooks / Polyamine Hypothesis of Alzheimer’s Disease

Kochetkov SN, Ivanov AV (2012) Chemically induced
oxidative stress increases polyamine levels by activat-
ing the transcription of ornithine decarboxylase and
spermidine/spermine-N1-acetyltransferase in human hep-
atoma HUH7 cells. Biochimie 94, 1876-1883.

[35] Morrison JD, Smith DD, Kish SJ (1996) Brain S-
adenosylmethionine levels are severely decreased in
Alzheimer’s disease. J Neurochem 67, 1328-1331.

[36] Lin DW, Chung BP, Kaiser P (2014) S-adenosyl
methionine limitation induces p38 mitogen-activated pro-
tein kinase and triggers cell cycle arrest in G1. J Cell Sci
127, 50-59.
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