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Abstract
A paradigm shift is under way in the Alzheimer’s field. A view of Alzheimer’s disease, AD, prevailing until now, the old paradigm, maintains that it is initiated 
and driven by the overproduction and extracellular accumulation of beta-amyloid, Aβ; a peptide assumed to be derived, both in health and disease, solely by 
proteolysis of its large precursor, βAPP. In AD, according to this view, Aβ overproduction-associated neurodegeneration begins early, accumulates throughout 
the lifespan, and manifests symptomatically late in life. A number of drugs, designed within the framework of exceptionality of the βAPP proteolytic/
secretory pathway in Aβ production in Alzheimer's disease, achieved spectacular successes in treatment, even the reversal, of AD symptoms in animal 
models. Without exception, they all exhibited equally spectacular failures in human clinical trials. This paradigm provides few causes for optimism with 
regard to prevention and treatment of AD. In its context, the disease is considered untreatable in the symptomatic phase; even prodromal cases are assumed 
too advanced for treatment because Aβ-triggered damages have been accumulating for preceding decades, presumably starting in the early twenties and, to 
be effective, this is when therapeutic intervention should commence and continue for life. The new paradigm does not dispute the seminal role of Aβ in AD 
but posits that beta-amyloid produced in the βAPP proteolytic/secretory pathway causes AD in humans no more than it does in non-human mammals that 
share this pathway with humans, accumulate Aβ as they age, but do not develop the disease. Alzheimer’s disease, according to this outlook, is driven by the 
AD-specific pathway of Aβ production, independent of βAPP and absent in animals. Its activation, late in life, occurs through accumulation, via both cellular 
uptake of secreted Aβ and neuronal retention of a fraction of beta-amyloid produced in the βAPP proteolytic pathway, of intraneuronal Aβ, which triggers 
mitochondrial dysfunction. Cellular stresses associated with mitochondrial dysfunction, or, probably, the integrated stress response, ISR, elicited by it, activate 
an AD-specific Aβ production pathway. In it, every conventionally produced βAPP mRNA molecule potentially serves repeatedly as a template for production 
of severely 5’-truncated mRNA encoding C99 fragment of βAPP, the immediate precursor of Aβ that is processed in a non-secretory pathway, apparently 
in a neuron-specific manner. The resulting intraneuronally retained Aβ augments mitochondrial dysfunction, which, in turn, sustains the activity of the 
βAPP mRNA amplification pathway. These self-propagating Aβ overproduction/mitochondrial dysfunction mutual feedback cycles constitute the engine that 
drives AD and ultimately triggers neuronal death. In this paradigm, preventive treatment can be initiated any time prior to commencement of βAPP mRNA 
amplification. Moreover, there are good reasons to believe that with a drug blocking the amplification pathway, it would be possible not only to preempt the 
disease but also stop and reverse it even when early AD symptoms are already manifested. Thus, the new paradigm introduces a novel theory of Alzheimer’s 
disease. It explains the observed discordances, determines defined therapeutic targets, provides blueprints for a new generation of conceptually distinct AD 
models and specifies design of a reporter for the mRNA amplification pathway. Most importantly, it offers detailed guidance and tangible hope for prevention 
of the disease and its treatment at the early symptomatic stages.

Keywords: βAPP-independent generation of Aβ; Asymmetric RNA-dependent βAPP mRNA amplification; Intraneuronal retention of Aβ; AD models 
for the new paradigm; Universal reporter for the mammalian RNA-dependent mRNA amplification process; Reporter-based optimal AD models

Old Paradigm: Alzheimer’s Disorder is a 
“Slow” Disease Commencing Early in Life 
and Untreatable in the Symptomatic Phase; 
To be Effective, Preventive Therapy Should 
Start Early On and Continue for Life

The currently consented paradigm provides few causes for 
optimism with regard to prevention and treatment of Alzheimer’s 

disease, AD. In this paradigm, it is strongly believed that AD is initiated 
and driven by overproduction and extracellular accumulation of beta-
amyloid, Aβ. This peptide, it is assumed, is derived, both in health 
and disease, solely by two proteolytic cleavages of a large beta-amyloid 
precursor protein, βAPP, with beta-secretase (beta-site amyloid 
precursor protein cleaving enzyme, BACE) cleavage between residues 
671 and 672 generating the C-terminal fragment of βAPP, C99, and 
forming the N-terminus of Aβ, and subsequent gamma-secretase 
(gamma-site βAPP cleaving enzyme) cleavage of C99, forming 
the C-terminus of Aβ and thus completing its production. In AD, 
according to this view, Aβ overproduction and associated damages 
begin early, accumulate slowly throughout the lifespan, and manifest 
symptomatically late in life in sporadic cases, SAD, or around the 
fifties in familial cases, FAD. These notions were formalized in the 
Amyloid Cascade Hypothesis, ACH, which became a prevailing 
evidence-based theory of AD, and Aβ emerged as the most 
compelling therapeutic target of the disease. In recent years, a large 
number of potential AD drugs, targeting either the βAPP proteolytic 
pathway or the extracellular Aβ directly, have been developed. They 
include inhibitors of beta-secretase such as atabecestat, lanabecestat, 
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AZD3839, LY2811376, LY2886721, verubecestat; inhibitors and 
modulators of gamma-secretase such as avagacestat, begacestat, 
semagacestat, tarenflurbil; inhibitors of beta-amyloid aggregation 
such as scillo-inositol, PBT2, tramiprosate; Aβ-based antigens 
such as vanutide, AD02, CAD-106, AN-1792; and both polyclonal 
and monoclonal Aβ-targeting antibodies such as crenezumab, 
gantenerumab, solanezumab, bapineuzumab and ponezumab. Many 
of these potential drugs achieved spectacular successes in treatment, 
even reversal, of AD symptoms in animal models. They all, however, 
exhibited equally spectacular failures in human clinical trials. 
To explain this discordance, it was suggested that the drugs were 
administered too late in the course of the disease in human trials. 
Therefore, the trials, initially involving mild-to-moderate AD patients, 
were repeated with patients suffering from mild cognitive impairment 
and biomarker evidence of Aβ deposition in brain (prodromal AD). 
The outcomes, however, did not change; moreover, in a number of 
trials the administration of drugs actually worsened the cognitive or 
clinical condition of the subjects. The currently prevailing explanation 
is that even the prodromal cases are way too advanced for treatment 
because Aβ-triggered damages have been accumulating for decades, 
presumably starting in the early twenties, and, to be effective, this is 
when therapeutic intervention should commence and continue the 
entire life.
New Paradigm: Alzheimer’s Disorder is a 
“Fast” Disease Commencing Late in Life, 
Preventable by Therapeutic Intervention 
Initiated Any Time Prior to the Symptomatic 
Phase and Treatable at the Early 
Symptomatic Stages

"How often have I said to you that when you have eliminated 
the impossible, whatever remains, however improbable, must be 
the truth?” Sherlock Holmes in The Sign of the Four [1].

Indications for the Occurrence of Intraneuronally Retained 
Aβ Produced in AD-Specific Pathway Independently of 
βAPP

The new paradigm, suggested in studies by Volloch and co-
investigators [2-8], does not dispute the seminal role of Aβ in 
triggering and sustaining the disease. It introduces, however, a distinct 
notion and an entirely different interpretation of the AD-specific 
source of Aβ overproduction and its mode of operation in the disease. 
To understand the discordance between the outcomes seen in animal 
models and those obtained in human clinical trials, it is instructive to 
address the apparent exclusivity of the disease to Homo sapiens. All 
non-human mammals tested to date accumulate Aβ as they age but they 
do not develop AD. This is true for small-sized, short-lived animals such 
as mice, and for large-sized, long-lived non-human mammals such as 
elephants. In contrast, humans do both. It appears, therefore, that the 
extent of increase in beta-amyloid levels, sufficient to trigger a cascade 
of molecular events culminating in AD, can be reached physiologically 
in Alzheimer’s disease but not in non-human mammals or in healthy 
humans. This disparity could be easily explained if different pathways 
of beta-amyloid generation were involved in these instances. It is clear, 
however, that the same Aβ production pathway, namely proteolysis of 
beta-amyloid precursor protein, is shared by non-human mammals, 
healthy humans and AD patients. It can be suggested, therefore, that 
in AD, in addition to the common beta-amyloid production pathway, 
another, qualitatively different pathway of Aβ generation, exclusive to 
Alzheimer’s disease, is in operation, and it is this pathway that drives 
the disease [6-8]. Two key features of this pathway can be deduced 
from the results of multiple human clinical trials. First, since BACE 

inhibitors, highly efficient in animal models, have no therapeutic 
effect whatever in AD patients, it appears that the AD-specific Aβ 
production pathway is both βAPP-independent and the predominant 
process of beta-amyloid generation in Alzheimer’s disease [6-8]. Second, 
since human trials of treatments directly targeting extracellular Aβ, i.e. 
beta-amyloid immunotherapy, decidedly successful in animal models, 
and its significant reduction by BACE inhibitor, indicative that the 
inhibitor reached neurons and blocked βAPP proteolysis! [9], are also 
completely ineffective in Alzheimer’s disease, beta-amyloid produced 
in the predominant, AD-specific, βΑPP-independent pathway appears 
to be retained intraneuronally [7,8]. These conclusions accentuate the 
inadequacy of current animal models of AD, all based on a notion of 
the exceptionality of the βAPP proteolytic/secretory pathway in Aβ 
production in Alzheimer’s disease, in assessing the impact of potential 
AD drugs. They also necessitate a new generation of conceptually 
distinct AD models as well as comprehensive reassessment of our 
perception of the disease.

AD-Specific, βAPP-independent Pathway of Beta-Amyloid 
Production

Our understanding of Alzheimer’s disease-specific pathway of 
Aβ production described in recent studies [6-8] is suggested by the 
results obtained in systems overproducing specific proteins [10-13]. 
This pathway is driven by RNA-dependent amplification of specific 
mammalian mRNAs, a process diagrammed in the top and middle 
panels of Figure 1, which can be briefly summarized as follows. 
The amplification process occurs in the cytoplasm and starts with 
transcription of the antisense complement from a conventional, 
spliced mRNA template, initiating at the 3’poly(A), possibly with the 
help of a uridylated protein, as seen in viral RNA-dependent RNA 
synthesis, RdRs (Step 1), and terminating at the 3’end with the “C”, 
a transcript of the capG of mRNA [11-13]. Generation of a complete 
antisense transcript requires the presence of an eligible RNA template 
and a compatible polymerase activity. The only major prerequisite for 
a potential RNA template appears to be the presence of the poly(A) 
segment at its 3’ terminus [10-12,14]. The compatible enzymatic 
activity is RNA-dependent RNA polymerase, RdRp. The RdRp activity 
in mammalian cells appears to be non-conventional; two possible 
candidates for this role are the RNA polymerase II complex or its 
components [15,16] and RdRp activity of the TERT complex [17], 
both ubiquitously present in all cells. Under regular circumstances, 
the RdRp activity in mammalian cells produces only short antisense 
RNA transcripts [14]. It appears that the component responsible for 
the production of long antisense transcripts in mammalian cells is a 
processivity conferring co-factor of RdRp that is induced, possibly 
along with other inducible components of RdRp complex, under 
circumstances when overproduction of specific proteins is required, 
by different types of cellular stress, or, more likely, by the integrated 
stress response elicited by different types of cellular stress [11-13].

The resulting double stranded sense/antisense structure is 
separated into single-stranded molecules by a helicase activity that 
mounts the poly(A) segment of the 3’poly(A)-containing strand (the 
sense-oriented strand) of the double helical structure and proceeds 
along this strand modifying, on average, every fifth nucleotide in the 
process [11,12] (Step 2). Only purines, the “As” and the “Gs” appear 
to be modified in the separation/modification process [11,12]. The 
5’ poly(U)-containing antisense strand remains unmodified during 
and after the separation [10-12]; this being essential, as described 
below, for the production of a new sense strand, since modifications 
were shown to interfere with, and would preclude, complementary 
interactions required in this process [11,12].
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Figure 1: Projected stages of the chimeric pathway of RNA-dependent amplification of mammalian mRNA; the process can result in a 5’-truncated 
molecule encoding the C-terminal fragment of a conventionally encoded polypeptide. Boxed line-sense strand RNA. Single line-antisense strand RNA. 
“AUG”-functional translation initiation codon (could be other than AUG). “TCE”– 3’-terminal complementary element; “ICE”– internal complementary element, both 
on the antisense RNA strand. Yellow circle – helicase/modifying activity complex. Blue lines (both single and boxed) – RNA strand modified and separated from its 
complement by a helicase complex. Red arrow – position of cleavage of the chimeric intermediate. Step 1: Synthesis of antisense strand; step 2: Strand separation; 
step 3: Folding of antisense strand into self-priming configuration; step 4: Extension of self-primed antisense RNA; step 5: Strand separation; step 6: Cleavage of 
the chimeric intermediate; step 7: End-products of RNA amplification. Steps 3’-7’ correspond to steps 3-7. Top panel: Conventional, genome-transcribed mRNA 
molecule. Middle panel: Projected stages of RNA-dependent mRNA amplification. “ICE” is located within a segment of antisense RNA corresponding to the 5’UTR 
of conventional mRNA; the chimeric RNA end product contains the entire coding content of conventional mRNA. Bottom panel: “ICE” is located within a segment of 
antisense RNA corresponding to the coding region of conventional mRNA. The amplified chimeric end product contains a 5’-truncated coding region of conventional 
mRNA. The translational outcome is decided by position of the first functional translation initiation codon; if in-frame, a CTF of conventional polypeptide is produced.
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The specificity of mRNA amplification appears to be determined 
at the 3’ terminus of an antisense transcript by its ability or inability to 
support production of a complementary sense strand RNA molecule, 
the end product of the amplification process. The generation of a 
sense strand on an antisense template occurs via the extension of 
the 3’ terminus of a self-primed antisense template and requires the 
presence within the antisense transcript of two spatially independent, 
yet topologically compatible, i.e. mutually accessible within the folded 
RNA molecule, complementary elements [10-12,18]. One of these is 
the strictly 3’-Terminal Complementary Element (TCE), the other is 
the Internal Complementary Element (ICE). These elements (Step 
3) must be complementary to a sufficient extent to form a priming 
structure but may contain mismatches and utilize unconventional 
G/U pairings [10-12]. In addition, the self-priming structure must 
accommodate the additional 3’-terminal “C”, a transcript of the 
5’cap”G” of mRNA [11-13]. The generation of a sense strand requires 
the thermodynamic feasibility, enhanced/enabled by the occurrence 
of two complementary and topologically compatible elements, of the 
antisense strand folding into a self-priming configuration.

Provided that a self-priming structure is formed, the 3' end of the 
folded antisense strand is extended by RdRp into a sense-orientation 
molecule terminating with the poly(A) at the 3'end (Step 4), thus 
generating a hairpin-structured chimeric intermediate consisting of 
covalently joined sense and antisense strands. The double stranded 
portion of the resulting structure is separated by a helicase activity 
invoked above, which mounts the 3'poly(A) of a newly synthesized 
sense strand component of the chimeric intermediate and proceeds 
along this strand in the 5' direction, modifying the molecule as 
it advances (Step 5). When the helicase activity reaches a single-
stranded portion of the hairpin structure, it, or associated activities, 
cleave the molecule either within the TCE, at a TCE/ICE mismatch, 
or immediately upstream of the TCE (red arrowhead, Step 6); the 
cleavage occurs between the 5’ hydroxyl group and the 3’ phosphate 
[11,12].

Strand separation, in conjunction with the cleavage, produces 
two single-stranded molecules (Step 7) one of which is a chimeric 
mRNA, the functional mRNA end product of amplification and 
the basis for defining this pathway as the "chimeric". The chimeric 
nature of this end product is due to the presence at its 5’ end of a 
3’-terminal segment of the antisense strand consisting, depending on 
the site of cleavage of the chimeric intermediate, of either the entire 
TCE or a portion thereof covalently attached, in a 5’ to 3’ orientation, 
to the 5’-truncated sense strand. This chimeric molecule is modified 
and 3’ polyadenylated. In contrast to conventional mRNA that can 
be repeatedly used as RdRp template, it cannot be further amplified 
because its antisense complement would lack the TCE, but can be 
translated into the conventional mRNA-encoded polypeptide [11,12]. 
If, as suggested above, the RNA-dependent mRNA amplification 
pathway is indeed activated by the integrated stress response (ISR) 
apparatus, one of the plausible functions of nucleotide modifications 
of the amplified chimeric mRNA, in addition to those described 
in [11], could be rendering it compatible, in contrast to the bulk 
of conventionally produced mammalian mRNA species, with the 
phosphorylated translation initiation factor eIF2α, a feature of the 
the ISR. Interestingly, in addition to suppressing, through this 
feature, translation of the bulk of conventionally produced mRNA, 
the ISR enables expression/translation of select transcription factors 
[19,20]; some of these transcription factors could, in fact, be inducible 
components of the mammalian mRNA amplification pathway postulated 
above or the enablers of their expression. Moreover, it follows that, in 

such a case, mRNA produced in the amplification pathway is not only 
exceptionally abundant [11,12] due to the method of its generation, but 
is also preferentially translated. In the chimeric pathway of mRNA 
amplification, the cleavage of the chimeric intermediate, following 
the strand separation and the associated modification of the poly(A)-
containing strand of the double-stranded hairpin structure, is the 
ultimate act in the generation of the chimeric mRNA end product. 
Consequently, it is formed already modified and is never present in the 
unmodified form [11,12]. Therefore, because the modified amplified 
RNA is resistant to reverse transcription [11,12], it cannot, in contrast 
to chimeric RNA intermediates, be detected by conventional reverse 
transcription-based sequencing methods.

In the scenario discussed above, both complementary elements 
required for an appropriate folding and self-priming of the antisense 
strand, the TCE and the ICE, are located within its segment 
corresponding to the 5’UTR of a conventional genome-encoded 
mRNA. In such a situation, the chimeric RNA end product contains 
the entire protein-coding region of a conventional mRNA and 
can be translated into the original, conventional mRNA-encoded, 
polypeptide. In the chimeric mRNA amplification pathway, the 
position of the TCE within the antisense molecule is fixed: It is always 
strictly 3’-terminal. In contrast, the intramolecular location of the 
internal ICE element is variable, and potentially it can be positioned 
within a segment of the antisense strand corresponding to the coding 
portion of an mRNA, a scenario diagrammed in steps 3’ through 7’ of 
the bottom panel of Figure 1. In this scenario, the chimeric RNA end 
product consists of a 3’-terminal segment of the antisense strand (the 
TCE or its fraction) attached, in a 5’ to 3’ orientation, to a 3’ portion of 
a conventional mRNA progenitor with a 5’-truncated coding region. 
In such a case, the translational outcome would be decided by the 
position of the first functional (capable of initiation of translation) 
AUG or another translation initiation-competent codon. If it were in-
frame with the protein-encoding information content of conventional 
mRNA, translation would result in the C-terminal fragment, CTF, of a 
conventionally encoded polypeptide. This variant of RNA-dependent 
mRNA amplification pathway would be asymmetric. Indeed, only 
one end, a 3’-terminal portion of the coding region (+UTR) of 
conventional mRNA, would be amplified, and its translation would 
potentially produce only one end of a conventional genome-encoded 
polypeptide, its C-terminal fragment. With regard to a possible 
βAPP-independent production of beta-amyloid in such a manner, 
three crucial questions are: (1) Is human βAPP mRNA eligible for 
RNA-dependent amplification? (2) If it is, does amplification occur 
asymmetrically? (3) If affirmative, would the N-terminus of the 
resulting polypeptide be precisely that of Aβ? (It can be longer than 
Aβ at its C-end and be trimmed to size by gamma-secretase cleavage).

Potentially Pivotal Role of the AUG Encoding Met671 in 
Conventional Human βAPP mRNA in βAPP-Independent 
Generation of Aβ  in Alzheimer’s Disease

The answer to question (3) above is suggested by the primary 
structure of the human βAPP mRNA. In this molecule, the Aβ-
encoding segment is preceded immediately and in-frame by the AUG 
codon encoding methionine in position 671 of the βAPP, the position 
of the BACE-mediated cleavage (671/672). If translation were initiated 
at this position, it would produce, after the removal of the N-terminal 
methionine by the N-terminal methionine aminopeptidase, C99 
fragment, the immediate precursor of Aβ, independently of βAPP. 
Interestingly, the AUG in question is situated within a nucleotide 
context optimal for the initiation of translation (an “A” in position -3 
and a “G” in position +4 relative to the “A” of the AUG codon). In fact, of 
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the twenty AUG codons encoding methionine residues in the human 
βAPP mRNA, only the AUG encoding Met671 (not even the AUG 
encoding Met1) is located within an optimal translation initiation 
context. Such favorable positioning of the AUG encoding Met671 
of βAPP was the basis for a proposal that in Alzheimer’s disease, the 
C99 fragment of beta-amyloid precursor protein may be generated 
independently from βAPP by the internal initiation of translation 
at the AUG encoding Met671 in the intact βAPP mRNA [21]. Such 
precursor-independent generation of C99 would be an efficient way 
to overproduce Aβ. This is because (a) C99 is not susceptible to the 
alpha-secretase cleavage, and (b) cleavage by gamma-secretase was 
shown to be not the rate-limiting step in the production of Aβ [22-
24]. The possibility of internal initiation of translation, proposed in 
[21], has been, however, subsequently ruled out by experiments of 
Citron and co-investigators [25].

On the other hand, the implications of the occurrence of an AUG 
codon in such a position for potential βAPP-independent generation 
of Aβ via asymmetric βAPP mRNA amplification are clear: If 
human βAPP mRNA is eligible for RNA-dependent amplification, 
if it is amplified in an asymmetric manner in AD, and if, in the 
resulting 5’-truncated chimeric mRNA, the first, 5’-most, functional 
translation initiation codon were the AUG encoding Met671 in the 
conventional βAPP mRNA, the translational outcome of the βAPP 
mRNA amplification pathway would be the C99 fragment of amyloid 
precursor protein produced independently of βAPP and containing Aβ 
at its N-terminus. Is such an outcome feasible?

Projected Pathway of Asymmetric Amplification of Human 
βAPP mRNA Resulting in Chimeric mRNA Encoding the 
C99 Fragment of Beta-Amyloid Precursor Protein

With regard to questions (1) and (2) formulated above, to 
determine if an mRNA species of interest can potentially be a 
subject of RNA-dependent mRNA amplification (provided that the 
cellular RdRs machinery is activated), one needs to assess whether 
its antisense complement contains both the TCE and the ICE and 
is capable of folding into a self-priming configuration. If it is, this 
will answer affirmatively question (1), and the position of the ICE 
will indicate the possible translational outcome, thus providing the 
answer to question (2). Such an assessment can be conducted in a 
model experiment where an mRNA of interest serves as a template 
for synthesis of cDNA, initiating at the 3’-terminal poly(A), and is 
subsequently removed by RNAse H activity present in a preparation 
of reverse transcriptase used. If an mRNA is fully transcribed, if 
complementary elements are present within the antisense strand 
(cDNA), if one of them is 3’-terminal, and if they are topologically 
compatible, i.e. mutually accessible within the folded antisense 
molecule, self-priming and the extension synthesis of a segment of 
the sense strand would occur. The junction between the antisense 
and sense components would define the site of self-priming and 
facilitate identification of the TCE and ICE. Just such an experiment 
was inadvertently carried out with human βAPP mRNA [26]. The 
results of this experiment, misinterpreted and eventually dismissed 
by the authors as an artifact [27], indicated the occurrence of the 
topologically compatible TCE and ICE elements within the antisense 
strand of βAPP mRNA and defined their nucleotide sequences as well 
as the position of self-priming. Based on these results, the TCE/ICE-
guided folding and extension of the antisense strand of human βAPP 
mRNA [2-8] can be depicted as shown in Figure 2. 

Figure 2: Projected topology of RNA-dependent generation of 5’-truncated mRNA encoding the C99 fragment of human beta-amyloid precursor protein. 
Lowercase letters -- nucleotide sequence of the antisense RNA. Uppercase letters -- nucleotide sequence of the sense RNA. Double-stranded portions highlighted 
in yellow: TCE (top) and ICE (bottom) elements of the antisense RNA. Note that the TCE and ICE are separated by about 2000 nucleotides. “2011-2013”: 
nucleotide positions on the antisense RNA (starting from the complement of the AUG encoding Met1 of the βAPP) of the “uac” (highlighted in blue) corresponding 
to the “AUG” (highlighted in green) encoding Met671 in the βAPP mRNA. a: TCE/ICE-guided folding of the antisense βAPP RNA. 3’-terminal “c” corresponds to 
one of multiple transcription start sites of βAPP mRNA located 149 nucleotides upstream from its AUG initiation codon [28]; note that such folding configuration 
would accommodate the additional 3’-terminal “C”, a transcript of the capG of βAPP mRNA (not shown). b: Extension of self-primed antisense RNA into sense RNA 
and cleavage (red arrow; may also occur at one of the TCE/ICE mismatches), after strand separation, of the chimeric intermediate. c: Chimeric RNA end product 
contains 5’terminal antisense segment extending into severely 5’-truncated βAPP mRNA. Its translation initiates from the “AUG” (highlighted in green and encoding 
Met671 in conventional βAPP mRNA) immediately preceding the beta amyloid-encoding region.
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An approximately 30 nucleotide-long 3’-terminal segment of 
the antisense strand of human βAPP mRNA constitutes the TCE. 
Its counterpart, the ICE, is separated by nearly 2000 nucleotides, yet 
these elements (highlighted in yellow in Figure 2) are topologically 
compatible and the folding of the antisense molecule results in a self-
priming configuration capable of accommodating the additional 3’C 
not encoded in the genome, a transcript of the capG of βAPP mRNA 
(Figure 2a). The TCE serves as a primer and is extended; thus generating 
the sense strand as shown in Figure 2b. Strands are then separated as 
illustrated in Steps 5’ and 6’ of Figure 1, and cleavage occurs either at 
the mismatches within the TCE or immediately upstream as indicated 
by the arrow in Figure 2b. The resulting chimeric RNA end product, 
shown in Figure 2c, consists of an antisense segment (TCE or its 
portion) continued into a sense-orientated molecule. The translational 
outcome is decided by the first, 5’-most, initiation-competent AUG 
codon. As shown in Figure 2b and c, the first AUG codon (highlighted 
in green in Figure 2) is located 58 nucleotides downstream from the 
TCE portion of the chimeric RNA end product and it is, in fact, the 
AUG encoding Met671 in the intact βAPP mRNA! Translation from 
this position would produce the C-terminal fragment of βAPP 
containing beta-amyloid at its N-terminus, the C99 fragment of the 
beta-amyloid precursor protein, in a βAPP-independent manner. The 
major prediction of such a mechanism is a complete inefficiency of 
beta-secretase inhibition in Alzheimer’s disease. This prediction was, 
in fact, born out in several massive stage III clinical trials [5,9]. 

In Humans, Only a Subset of βAPP mRNA Transcripts is 
Eligible for the RNA-Dependent Amplification Process: 
Transcription Start Site Usage May Contribute to 
Susceptibility or Resistance to AD

The presence of a regulatory element known as a “TATA-box” is 
characteristic for a large class of mammalian genes. Usually, it occurs 
about 25 nucleotides upstream from the transcription start site (TSS) 
and rigidly defines its position. The mammalian βAPP gene belongs 
to a class of TATA-less genes that are characterized by multiple 
transcription start sites. There are at least five and possibly more 
positions where transcription of human βAPP mRNA can be initiated 
[2,28]. Of those, only one, 149 nucleotides upstream from the AUG 
translation initiation codon, shown in Figure 2, results in an mRNA 
molecule eligible for the RNA-dependent mRNA amplification 
process because only for this transcript would the position of the 
TCE on its antisense strand be strictly 3’-terminal [2,28], and the 
additional 3’C, a transcript of the capG of βAPP mRNA [11-13], 
would be accommodated in the antisense RNA self-priming structure. 
Utilization of human βAPP transcription start sites can be, therefore, 
one of the factors that define susceptibility or resistance to Alzheimer’s 
disease. The ability to regulate the usage of βAPP transcription start 
site(s), or even to shift it at will, could, therefore, open powerful 
therapeutic applications.

Exclusivity of Alzheimer’s Disease to Humans: Animal 
βAPP mRNA is Ineligible for Amplification

The presence of poly(A) at the 3’ terminus of an RNA makes 
the molecule an eligible RdRp template, but it does not necessarily 
make it eligible for amplification. For this, the antisense RNA strand 
should be capable of forming a stable self-priming structure in which 
its 3’ terminus can be extended into a segment of the conventional 
mRNA molecule. Folding of the antisense RNA in such a self-priming 
configuration requires, in turn, the occurrence of two complementary 
and topologically compatible elements, one of which is strictly 

3’-terminal. It appears that this requirement is not met in antisense 
RNA complements of βAPP mRNA in non-human mammals. In 
animals, βAPP antisense RNA segments corresponding to the TCE 
and ICE elements of human βAPP antisense RNA show little, if any, 
complementarity; moreover, the 3’-terminal segments of various  
animal antisense βAPP RNAs have no extensive complementarity 
with the rest of the molecule. Thus, in non-human mammals, βAPP 
mRNA, although a suitable RdRp template by virtue of containing 
3’-terminal poly(A), is not eligible for the RNA-dependent mRNA 
amplification process. Therefore, if, as suggested above, the extent 
of increase in beta-amyloid levels sufficient to trigger a cascade of 
molecular events culminating in AD cannot be reached by the βAPP 
proteolytic pathway alone and requires the activation of the βAPP 
mRNA amplification pathway, Alzheimer’s disease can occur in 
humans but not in animals, a conclusion consistent with observations 
in the field.

Activation of the βAPP mRNA Amplification Pathway in 
Alzheimer’s Disease

Recently, it was suggested [6-8] that in Alzheimer’s disease the 
βAPP mRNA amplification pathway is activated by stresses associated 
with mitochondrial dysfunction. One type of such stresses, namely 
the ER stress, was previously implicated in activation of the mRNA 
amplification process in cells overproducing extracellular matrix 
proteins [13]. There is indeed a connection between mitochondrial 
dysfunction and ER stress [6-8]. One of the mitochondrial 
components, the microprotein PIGBOS, was shown to interact with 
the ER in mitigating the Unfolded Protein Response (UPR) [29]. It 
is feasible that mitochondrial dysfunction suppresses the occurrence 
and/or functionality of PIGBOS; this, in turn, may lead to suppression 
of the UPR and, consequently, to ER stress. It is therefore possible that 
mitochondrial dysfunction triggers the expression of inducible co-
factors of the RdRp complex by initiating ER stress accompanied by 
activation of several transcription factors [30,31], potentially inducible 
components of the mRNA amplification process or the enablers of their 
expression. Alternatively, the expression of inducible components 
of the RdRp complex can be mediated by the integrated stress 
response apparatus [19,20], which also enables the expression of some 
transcription factors. Importantly, mitochondrial distress was shown 
to be relayed to the cytosol, the locality of the ISR machinery, by an 
OMA1-DELE1-HRI pathway, eliciting the integrated stress response 
and culminating in phosphorylation of eIF2α, which suppresses 
translation of the bulk of conventionally produced mammalian 
mRNA species but promotes production of transcription factors 
such as ATF4, ATF5 and CHOP [32,33]. In this case, if, as argued 
above, nucleotide modifications of mRNA produced in the RNA-
dependent mRNA amplification pathway render it compatible 
with phosphorylated eIF2α, intracellularly retained Aβ would be 
preferentially produced in the AD-affected neurons.

Mitochondrial dysfunction in neurons, in turn, is triggered by 
Aβ accumulated inside the cell to sufficient levels [6-8]. Whereas the 
scale of intraneuronal retention of beta-amyloid postulated in these 
studies [6-8] is unparalleled in that, in AD, it applies to the entire 
output of the predominant βAPP mRNA amplification pathway of 
Aβ production, a notion of intracellular Aβ, albeit as a fraction of its 
secreted counterpart, is not unprecedented. There are two potential 
sources of intracellular Aβ. The more studied and understood source 
is cellular uptake of secreted extracellular beta-amyloid. Data obtained 
conclusively show that soluble Aβ42 and Aβ40 use endocytosis [34] 
to enter the cell and that Aβ42 is taken up two times more efficiently 
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than Aβ40 [35]. Beta-sheet-rich Aβ42 aggregates were observed 
to enter cells at low nanomolar concentrations [36]. In contrast, 
monomers were shown to bound to plasma membrane and to form 
aggregates there before cellular uptake and accumulation in endocytic 
vesicles [37], thus indicating that formation of Aβ aggregates may be a 
prerequisite for cellular uptake [34,36-38]. Moreover, it was suggested 
that oligomer-specific Aβ toxicity in cell models is mediated by its 
selective uptake [34]. Cellular uptake of Aβ was also shown to be 
ApoE isoform-dependent and mediated by lipoprotein receptor 
LR11/SorLA [37]. ApoE4, a major genetic risk factor for AD, was 
shown to be much more efficient in mediating Aβ uptake than ApoE3 
and ApoE2 [37]. LRP, another member of the lipoprotein receptor 
family, binds to Aβ directly or through ligands such as ApoE and 
undergoes endocytosis, thus facilitating cellular uptake of Aβ [39]. 
The internalization of extracellular Aβ can also be mediated by α7 
nicotinic acetylcholine receptor [40-42], the scavenger receptor for 
advanced glycation, RAGE [43-45], the formyl peptide receptor-like 
1, FPRL1 [46], and N-methyl-d-aspartate, NMDA, receptors [47]. 
Aβ internalization was observed in multiple cell types, including 
neurons, astrocytes, glial cells and macrophages, where it appears to 
play different roles, and it occurs in cells of normal subjects as well as 
in cells of AD-affected individuals [48].

The other potential source of intracellular Aβ, operating only 
in beta-amyloid producing cells, i.e. neurons in the subject under 
discussion, is its retention within the cell. Whether Aβ is retained 
intracellularly or is secreted into the extracellular pool is defined 
by the location at which the immediate beta-amyloid precursor, the 
C99 fragment, is cleaved by the gamma-secretase complex. The vast 
majority of Aβ produced in the βAPP proteolytic pathway is generated 
by cleavage at the plasma membrane and is secreted. However, 
cleavage can also occur in the endoplasmic reticulum (ER) [49], 
Golgi and trans Golgi network (TGN) [50], and at endosomal [49], 
lysosomal [49] and mitochondrial [51]] membranes; such cleavages 
generate intracellularly retained Aβ. It has been shown that different 
isoforms of intracellular Aβ can be generated at different locations. 
For example, cleavage within the ER produces predominantly Aβ42 
[52-56] whereas cleavage within the TGN mostly generates Aβ40 [57]. 
Interestingly, these locations of intracellular Aβ generation are limited 
to neurons [53]. Recent evidence suggests that subcellular localization 
of presenilin2 (PSEN2) directs the assembly of gamma-secretase 
complex to specific cellular compartments and thus contributes to 
the balance between intracellular accumulation and secretion of Aβ 
[58,59]. Moreover, FAD-associated PSENs mutations were shown to 
pronouncedly augment the intracellular pool of Aβ by determining 
localization and substrate specificity of gamma-secretase [58].

Intracellular Retention of Aβ Produced in the Asymmetric 
βAPP mRNA Amplification Pathway Is Neuron-Specific

Whereas only a fraction of Aβ produced in the βAPP proteolytic 
pathway is retained intraneuronally, in the new paradigm, the entire 
output of the predominant βAPP mRNA amplification pathway of beta-
amyloid production remains inside the AD-affected neurons (until they 
die as a result, that is). Normally, proteolytic processing of the bulk 
of βAPP occurs in the secretory pathway and culminates in gamma-
secretase cleavage within the plasma membrane and subsequent 
secretion of newly generated Aβ into extracellular space. A nascent 
βAPP molecule is chaperoned into the secretory pathway through its 
N-terminal signal peptide. There is, however, no N-terminal signal 
peptide in the translational end product of asymmetric amplification 
of human βAPP mRNA. Indeed, the βAPP mRNA amplification 

pathway results in the C99 fragment. C99 lacks N-terminal signal 
peptide and requires only gamma-secretase cleavage to produce Aβ. 
This cleavage can occur on intracellular membranes at a variety of 
sites, such as ER and TGN [50-55], where gamma-secretase cleavage 
was shown to occur only in neurons [53], and even in mitochondria 
where all subunits of the gamma-secretase complex were shown to 
be present [57,60,61]. If this cleavage occurs in the ER, the Aβ42 
isoform will be predominantly produced [53]. If both ER and TGN 
sites are utilized, a mixture of Aβ42/Aβ40 will result [53]. Since the 
processing of the C99 fragment expressed from a construct encoding 
only this polypeptide, rather than βAPP, was shown to result, due 
to the presence of an internal transmembrane domain, in secretion 
of Aβ in a non-neuronal cell model [21] and because cleavage on 
various intracellular membranes was shown to occur only in neurons, 
it has to be assumed that intracellular retention of Aβ produced from 
C99-encoding mRNA, the end product of asymmetric βAPP mRNA 
amplification, is neuron-specific, a conclusion potentially instrumental, 
as discussed below, in construction of experimental AD models. The 
bottom line is that for Aβ to be retained intraneuronally, its precursor, 
the C99 fragment, produced either in the proteolytic or in the AD-
specific βAPP mRNA amplification pathways, has to be processed, 
i.e. cleaved by gamma-secretase, on an intracellular membrane. In 
the βAPP proteolytic pathway this occurs infrequently, whereas in 
the βAPP mRNA amplification pathway of Aβ production, this is 
the only way. Moreover, there are multiple options, some generating 
predominantly Aβ42 [52], to accomplish this. In addition, if the 
heavily modified mRNA end product of asymmetric human βAPP 
mRNA amplification, encoding the C99 fragment, is translated in a 
compartmentalized manner, this may also contribute to selection of 
gamma-secretase cleavage sites on intracellular rather than plasma 
membranes.

Engine that Drives Alzheimer’s Disease
Intraneuronal accumulation of conventionally produced Aβ 

to levels sufficient to trigger mitochondrial dysfunction-associated 
stresses and, consequently, activation of the βAPP mRNA amplification 
pathway, plays the role of a starter motor in getting car engine 
moving in a self-sustainable manner. In the case under discussion, it 
activates the engine that drives AD. Indeed, stresses associated with 
mitochondrial distress and/or stress responses, presumably the ISR, 
activate the predominant, AD-specific, pathway of Aβ generation, the 
βAPP mRNA amplification process [6-8]. The entire output of this 
pathway is retained intraneuronally. Drastically increased levels of 
intracellular Aβ promote, in turn, further mitochondrial dysfunction 
and associated stresses/stress responses and, consequently, the βAPP 
mRNA amplification process, thus generating self-perpetuating beta-
amyloid overproduction/mitochondrial dysfunction mutual feedback 
cycles. These relationships are diagrammatically summarized in 
Figure 3. It depicts the mutual feedback cycles as a two-stroke engine, 
the engine that drives beta-amyloid overproduction and, consequently, 
Alzheimer’s disease; ultimately, it triggers neuronal death. To develop 
sporadic AD, it takes, apparently, a lifetime of intraneuronal 
accumulation of conventionally produced Aβ to critical levels 
sufficient to trigger mitochondrial dysfunction and associated stresses/
stress responses, combined with the susceptibility to the disease (e.g. 
appropriate TSS usage permitting operation of the βAPP mRNA 
amplification pathway). In familial AD, because of abnormal βAPP 
proteolytic processing, critical intraneuronal levels of conventionally 
produced Aβ, or of its more “toxic” isoforms with increased capacity 
to trigger mitochondrial dysfunction and/or to aggregate, are reached 
sooner and the disease occurs earlier in life.
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Alzheimer’s Disorder is a Fast Disease Preventable by 
Therapeutic Intervention Initiated Even Late in Life, and 
Treatable and Reversible at the Early Symptomatic Stages

The new paradigm posits that Alzheimer’s disorder is a “fast” 
disease. This is in sharp contrast to a view, prevailing until now, that 
AD is a quintessential “slow” disease that develops throughout the life 
as one prolonged process. Dynamics of the disease in the old paradigm 
is presented in panels A and B of Figure 4. It is single-phased and 
can be divided into asymptomatic (red lines) and symptomatic (red 
blocks) portions. Aβ, it is assumed, is overproduced (and secreted) 
solely in the βAPP proteolytic/secretory pathway. As its extracellular 
levels increase, it triggers neurodegeneration (red lines) starting 
early in life. Damages accumulate and manifest symptomatically 
(red blocks) late in life in sporadic cases (panel A). In familial AD 
cases, where mutations in the βAPP gene or in presenilins increase 
production of either common Aβ isoform or of its more toxic 
isoforms, neurodegeneration reaches critical threshold sooner and 
AD symptoms occur earlier in life, mostly in the late 40s and 50s 
(panel B). The disease is considered untreatable in the symptomatic 
phase and there are currently no preventive AD therapies, but if they 
were available, according to this viewpoint, it would be largely futile 
to intervene late in life in case of potential SAD or at mid-age in cases 
of FAD because, although AD symptoms have not yet manifested, 

the irreversible damage has already occurred during the preceding 
decades. In this paradigm, to be effective, preventive therapeutic 
intervention should be initiated early and continued for life.

Dynamics of the disease in the new paradigm, illustrated in panels 
C (SAD) and D (FAD), is radically different [6-8]. This dynamic is 
biphasic. In the first phase, only the βAPP proteolytic pathway 
of Aβ production is in operation. This phase is a slow process of 
intraneuronal beta-amyloid accumulation. It occurs via cellular 
uptake of secreted Aβ and retention of a fraction of βAPP-derived 
Aβ. These processes are common to Homo sapiens, including healthy 
humans, and to non-human mammals, and result neither in significant 
damage (black lines), nor in any manifestation of the disease; there is, 
in fact, no disease. The second phase occurs exclusively in humans and 
commences with the Aβ-induced mitochondrial dysfunction which, 
in turn, mediates the activation of the βAPP mRNA amplification 
pathway shortly before symptomatic onset of the disease. In this phase, 
the rate of production and the extent of intraneuronal accumulation 
of retained Aβ sharply accelerate, causing, in conjunction with 
mitochondrial dysfunction, after a lag period when amplified C99-
encoding RNA accrues and intraneuronal Aβ further accumulates 
(black lines), significant neurodegeneration (red lines) and triggering 
AD symptoms (red blocks); this phase is fast. In this paradigm, a 
preventive therapy for AD, an AD “statin”, would be effective when 
initiated at any time prior to commencement of the second phase 

Figure 3: The engine that drives AD: Self-propagating mutual feedback cycles of mitochondrial dysfunction-mediated overproduction of Aβ and vice 
versa in Alzheimer’s disease. Highlighted in grey: Intraneuronal accumulation of Aβ via both cellular uptake of secreted peptide and retention of a fraction of 
beta-amyloid produced in the βAPP proteolytic pathway; Highlighted in blue: Asymmetric RNA-dependent βAPP mRNA amplification, a molecular basis of Aβ 
overproduction in Alzheimer’s disease. Horizontal arrow: Intraneuronal accumulation of Aβ to critical levels acts as a starter motor that initiates the self-sustainable 
engine that drives AD. Arched arrows: Self-propagating mutual feedback cycles; Red arches: Intraneuronal Aβ-mediated induction of mitochondrial dysfunction 
and related stresses; Blue arches: Mitochondrial dysfunction/related stresses-mediated RNA-dependent amplification of βAPP mRNA resulting in overproduction 
of intraneuronally retained Aβ.
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Figure 4: Dynamics of Alzheimer’s disease in two paradigms. Left panels: Dynamics of Aβ production; Right panels: Dynamics of neurodegeneration. Blue 
lines: Levels of beta-amyloid; Red lines: Extent of neurodegeneration; Black lines: Indicator lines, no significant neurodegeneration; Red blocks: Symptomatic 
manifestation of AD. T: Threshold of symptomatic manifestation of AD (reflects levels of extracellular Aβ and consequent extent of neurodegeneration); T1: 
Threshold of activation of RNA-dependent βAPP mRNA amplification (reflects both intraneuronal Aβ levels and the consequent extent of Aβ−coupled mitochondrial 
dysfunction); Numerous genetic factors such as the occurrence of various alleles of ApoE gene, as well as certain epigenetic factors, influence the age when 
thresholds T and T1 are reached, hence, the fanning lines.T2: Threshold of symptomatic occurrence of AD (reflects levels of intraneuronal Aβ,degree of 
mitochondrial dysfunction and consequent extent of neurodegeneration). Panels A, B: View of the dynamics of AD in the old paradigm (A: Dynamics of SAD; B: 
Dynamics of FAD). Levels of extracellular Aβ increase, neurodegeneration starts early and accumulates throughout the life. When threshold T is reached, AD 
symptoms manifest. Panels C, D: The outlook on the dynamics of AD in the new paradigm (C: Dynamics of SAD; D: Dynamics of FAD). Levels of intraneuronal Aβ 
increase, the extent of mitochondrial dysfunction and related stresses reach threshold T1 and RNA-dependent βAPP mRNA amplification is activated. There is no 
significant neurodegeneration until after a lag period (when amplified RNA encoding the C99 fragment of βAPP accrues and intraneuronal Aβ further accumulates) 
following the crossing of T1 threshold and activation of βAPP mRNA amplification; when the extent of neurodegeneration reaches threshold T2, AD symptoms 
manifest. Panel E: Dynamics of Aβ production and neurodegeneration in non-human mammals: T1 threshold is crossed but βAPPP mRNA is not amplified because 
it is not eligible for RNA-dependent amplification process. There is no significant neurodegeneration; T2 threshold is not reached, no AD symptoms manifest, no 
disease occurs. Note: Scenario depicted in panel(E) would occur in humans not susceptible to Alzheimer’s disease due to variations in βAPP TSSs utilization or 
for other reasons, or when the βAPP mRNA amplification pathway of Aβ production is effectively interfered with by therapeutic intervention.
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(panel E). Moreover, there are good reasons to believe that with 
a drug blocking the βAPP-independent Aβ production pathway, 
asymmetric βAPP mRNA amplification, or effectively interfering with 
Aβ production, it would be possible not only to preempt the disease but 
also to stop and reverse it even when early AD symptoms have already 
manifested. This assumption is based on observations in studies 
where AD symptoms, as well as neurodegeneration, were reversed by 
suppressing, via BACE inhibition, overproduction of beta-amyloid 
in mouse AD models generating Aβ solely in the βAPP proteolytic 
pathway [62,63].

Therapeutic Approaches for Alzheimer’s 
Disease: Targeting the Engine

Within the framework of the new paradigm of AD, several potential 
therapeutic approaches, targeting either the immediate driver of the 
diesease, Aβ production in the βAPP mRNA amplification pathway, 
or the second component of the “engine”, mitochondrial dysfunction 
plus associated cellular stresses and/or stress responses, that activate 
it, can be considered. One approach is to suppress the enzymatic 
machinery of RNA-dependent mRNA amplification. Another is to 
interfere with amplification at the level of βAPP mRNA or its antisense 
RNA counterpart. The third approach is to block the activation of the 
βAPP mRNA amplification pathway by mitigating mitochondrial 
dysfunction and/or related stresses. The fourth approach is to interfere 
with the processing of the C99 fragment produced in both, the βAPP 
proteolytic pathway, and the βAPP mRNA amplification pathway. The 
first approach, suppression of RdRs enzymatic components, however 
tempting, is not feasible. This is because systemically targeting any 
enzymatic component of mammalian RNA-dependent mRNA 
amplification would interfere with normal physiological functions of 
this process [11-13] and would have deleterious consequences.

The second approach, manipulation of βAPP mRNA or of its 
antisense complement, is very promising. One way to implement it 
is to shift the TSS of βAPP mRNA to such a position as to make the 
resulting RNA molecules ineligible for the amplification process either 
by eliminating its 5’-terminal segment corresponding to the TCE or 
making it non-terminal. Another way is to bind a small molecule to 
the amplified βAPP mRNA, possibly targeting, in a sequence-specific 
manner or via specific delivery to neurons, its modified nucleotides, 
in such a way as to interfere with its function as a template in antisense 
RNA synthesis and/or in translation. Antisense βAPP RNA can also 
be specifically targeted, with the aim to disrupt its folding into the self-
priming configuration. This approach would suppress amplification 
and/or function of βAPP mRNA but would not affect RNA-dependent 
mRNA amplification machinery in general; it remains to be developed.

The third approach, suppressing activation of the βAPP mRNA 
amplification pathway, is, apparently, feasible. βAPP mRNA 
amplification-enabling potential denotes intraneuronal Aβ-initiated 
mitochondrial dysfunction/associated cellular stresses as a possible 
therapeutic target. This potential is, plausibly, neuron-specific. 
This is, at least in part, because retention of βAPP-derived Aβ, 
instrumental in the initial activation of mitochondrial dysfunction, 
occurs in brain solely in neurons, the only beta-amyloid producing 
cells, and because, in AD, the “engine” sustaining mitochondrial 
dysfunction operates also only in neurons. Moreover, if the aim is to 
pursue therapeutically the βAPP mRNA amplification process as the 
probable molecular basis of Aβ overproduction in AD, mitochondrial 
dysfunction and cellular stress/stress response components, ostensive 
triggers of this process, are the targets of choice. Indeed, whereas 
systemic targeting of the enzymatic components of RdRs would 

have deleterious consequences, successfully targeting mitochondrial 
dysfunction would potentially result in two beneficial outcomes; 
namely, switching off the detrimental βAPP mRNA amplification 
process in neurons and repairing metabolic defects. In this respect, 
a recent study with C. elegans [64] is very encouraging. In this study, 
beta-amyloid-induced mitochondrial dysfunction was modeled and 
achieved by expressing human Aβ specifically in neurons (GRU102). 
Importantly, treatment with an anti-diabetes drug, metformin, 
reversed Aβ-induced metabolic defects, reduced protein aggregation 
and normalized lifespan of GRU102; thus establishing metabolic 
mitochondrial dysfunction as a promising and feasible therapeutic 
intervention target in AD. Targeting components of the integrated 
stress response or of mitochondrial dysfunction-associated stresses 
might also have beneficial outcomes in AD.

Whereas neither targeting extracellular beta-amyloid by 
immunotherapy or otherwise nor BACE inhibition can affect in 
any way Aβ production in the βAPP mRNA amplification pathway 
and its resulting intraneuronal accumulation, inhibition of gamma-
secretase cleavage should be highly effective in suppressing beta-
amyloid generation in both, the βAPP proteolytic and the βAPP 
mRNA amplification, pathways by blocking processing (gamma-site 
cleavage) of the C99 fragment. However, as was shown in several 
human clinical trials, gamma-secretase, a key component of the 
Notch signaling pathway, cannot be inhibited systemically without 
deleterious consequences. On the other hand, the fourth approach, 
utilization of known or novel modulators of gamma-secretase-mediated 
C99 cleavage, might, possibly, elicit therapeutic benefits in AD by shifting 
the isoform pattern of resulting intraneuronal Aβ toward less harmful 
species with reduced capacity to trigger mitochondrial dysfunction. If 
effective, this type of AD therapy can be used preventively and may 
prove efficient as a treatment at the early symptomatic stages of the 
disease. The efficacy of such modulators in AD, however, remains to 
be established.

Experimental AD Models for the New 
Paradigm

Experimental AD models for the new paradigm are very different 
from the existing ones. In light of the above considerations, the current 
AD models are inadequate because they are lacking the βAPP mRNA 
amplification pathway of beta-amyloid production, the major driver of 
the disease. The reason for this is not the lack of enzymatic apparatus 
but ineligibility of both endogenous and transgenic βAPP mRNAs for 
the RNA-dependent amplification process [6-8] as well as the lack of 
means for accelerated activation of the enzymatic machinery of the 
mRNA amplification pathway. Therefore, one objective in designing 
a new generation of AD models is to express human Aβ-encoding 
mRNA eligible for the amplification process according to the criteria 
formulated above. Another objective is to produce beta-amyloid in 
such a manner that the entire output is retained intraneuronally. 
This is to maximally accelerate induction of mitochondrial dysfunction 
and related stresses and/or the ISR, and consequent activation of the 
βAPP mRNA amplification pathway of beta-amyloid production. 
Accordingly, the expressed mRNA should encode Aβ42 or another 
preferred isoform of beta-amyloid, or the C99 fragment of βAPP 
containing, if needed, desired mutations; for example those increasing 
production of Aβ42 (this may not be needed if, as was argued above, 
neuronal processing of C99 derived independently of βAPP results 
preferentially in Aβ42). Provided the intracellular retention of Aβ, 
resulting from processing of the C99 fragment produced in the RNA-
dependent amplification pathway independently of βAPP, is not 
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Figure 5: Example of construct-expressed RNA-dependent amplification-eligible mRNA encoding Aβ or C99 fragment of βAPP and projected stages 
of its amplification. Uppercase letters: Nucleotide sequence of the sense RNA. Lowercase letters: Nucleotide sequence of the antisense RNA. Highlighted in 
blue: Aβ- or C99-encoding region of mRNA. Highlighted in green: 5’AUG3’ translation initiation codon in an optimal context or its complement on the opposite 
RNA strand. Highlighted in yellow: the 3’-terminal complementary element, TCE, and the internal complementary element, ICE, of the antisense RNA. Highlighted 
in gray: 3’-terminal “C” not encoded in the DNA, a transcript of the cap”G” of mRNA and matching “G” at the 5’ end of the ICE on the antisense RNA. Red arrow: 
Position of cleavage of chimeric intermediate following strand separation. A: mRNA encoding Aβ or C99 fragment of βAPP. B: Antisense RNA; note that it contains 
an additional 3’-terminal “C” not encoded in the genome, a transcript of the cap”G” of mRNA. C: Antisense RNA folded into self-priming configuration; note that the 
additional 3’-terminal “C” is accommodated by a “G” at the 5’end of the ICE. D: Extension of self-primed antisense RNA generating chimeric intermediate containing 
covalently bound sense and antisense RNA strands; position of cleavage following strand separation is indicated by red arrow. E: Chimeric RNA end product of 
RNA-dependent mRNA amplification; it consists of an antisense segment, the TCE, continued into a sense-orientation sequence containing the rest of the 5’UTR 
and the Aβ- or C99-coding sequence preceded by the AUG translation initiation codon and followed by the 3’UTR and 3’- poly(A).

restricted to potentially compartmentalized translation product of 
modified RNA end product of amplification and is neuron-specific, a 
construct expressing the C99 fragment of βAPP, rather than Aβ, should 
be used in AD models. This is because in such models, intracellularly 
retained Aβ, more deleterious to cells than secreted extracellular beta-
amyloid, would be produced only in neurons.

A generic example of a construct-expressed mRNA, encoding 
human Aβ or, preferably, as argued above, C99 and eligible for the 
RNA-dependent mRNA amplification process, is presented in Figure 
5. This mRNA transcript contains coding information (Figure 5A, 
highlighted in blue) either for the C99 fragment of human βAPP 
or for a defined isoform of human Aβ, preceded immediately and 
in-frame by the AUG codon (Figure 5A, highlighted in green) in 
an optimal translation initiation context. Its 5’ untranslated region, 
UTR, is designed in such a way that the corresponding segment 
of the antisense RNA contains two complementary elements, the 
3’-terminal TCE and the internal ICE (Figure 5B, highlighted in 
yellow). Accordingly, upon its formation, the antisense RNA folds into 
a self-priming configuration (Figure 5C). Importantly, the sequence 
of the ICE is such that it can accommodate the additional 3’-terminal 
“C”, not encoded in the DNA but a transcript of the capG of mRNA 
(both 3’-terminal “C” and matching “G” at the 5’ end of the ICE are 
highlighted in gray). Such a self-priming structure is then 3’-extended 
(Figure 5D) generating a sense-strand nucleotide sequence which 

terminates with 3’ poly(A). This is followed by strand separation (not 
shown) and cleavage at the 5’ end of the TCE (Figure 5D, red arrow). 
The resulting functional chimeric RNA end product of amplification 
(Figure 5E) consists, in its 5’ portion, of an antisense segment, the 
TCE, continued into a sense-orientation sequence containing the rest 
of the 5’UTR and the Aβ- or C99-coding sequence, preceded by the 
AUG translation initiation codon and followed by the 3’UTR and 
poly(A), and can be translated into Aβ or C99 polypeptides.

Some interesting outcomes can be attained by designing human 
Aβ-encoding constructs in such a way that beta-amyloid is produced 
only in the RNA-dependent amplification pathway. An example of 
RNA transcribed from such a construct is presented in Figure 6. In 
it, the AUG codon, immediately preceding the human Aβ- or C99-
coding segment (line A, highlighted in blue) in the endogenous 
human βAPP gene, is deleted and replaced with the “ACA” (its 
antisense counterpart, 3’ugu5’, being able to accommodate 5’aug3’ 
in the folded self-primed antisense RNA, as shown in line C). There 
is also no functional translation initiation codon in-frame with and 
upstream from the Aβ-coding segment. RNA transcribed from such 
a construct contains Aβ- or C99-coding information but it cannot be 
translated into a polypeptide; such RNA transcript is translationally 
“silent” (line A). The construct is designed so that this AUG-deficient, 
Aβ- or C99-encoding RNA is, nevertheless, eligible for the RNA-
dependent amplification process. Its antisense RNA transcript 
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contains the 3’-terminal TCE and the internal ICE sequences 
(highlighted in yellow). Moreover, the TCE contains a 5’aug3’ codon 
(highlighted in green and shown in 3’ to 5’ orientation) in an optimal 
translation initiation context (line B). Following folding into a self-
priming configuration (line C), the structure is extended, strands are 
separated as described above and cleaved (red arrow) at the 5’ end of 
the TCE (line D). In the chimeric RNA end product of amplification 
(line E), the TCE-derived “aug” codon, highlighted in green, ends up 
immediately and contiguously upstream from the Aβ- or C99-coding 
sequence (highlighted in blue) and can initiate its translation. It 
should be noted that in this design, the antisense strand contains not 
only the 5’AUG3’ codon but also a segment of Aβ-coding sequence 
at its 3’ terminus. This is to ascertain that the additional 3’-terminal 
“C” of the antisense RNA, not encoded in the DNA but a transcript of 
the 5’cap “G” of the sense-strand RNA [10-12], can be accommodated 
in the folded self-priming configuration (both 3’-terminal “C” of 
the antisense RNA and matching “G” at the 5’ end of the ICE are 
highlighted in gray). Consequently, in the chimeric RNA end product 
(line E), the antisense portion encodes the “aug” translation initiation 
codon and the N-terminus of the resulting polypeptide (Aβ or C99), 
whereas the sense RNA portion encodes the rest of a polypeptide and 
contains 3’UTR and 3’poly(A). With this construct, beta-amyloid will 
be produced, directly or through the processing of the C99 fragment, 
only if and when the RNA-dependent mRNA amplification process is 
activated.

The obtainability of such construct opens the possibility for 
generation of a mouse AD model resulting from breeding of 
two mouse lines, one containing an Aβ-encoding construct that 
can produce beta-amyloid only in the RNA-dependent mRNA 
amplification pathway, and another, conventionally expressing, from 
a standard construct, intraneuronally retained Aβ. Only progeny 
expressing Aβ both from a construct described above, in the RNA-
dependent βAPP mRNA amplification pathway, and conventionally 
from a standard construct, with the former activated by the latter, is 
expected to develop symptomatic AD, with parental lines constituting 
the controls. Alternatively, both types of constructs can be inserted 
simultaneously in the same animal. Considerations of preferential 
expression of the C99 fragment rather than Aβ, discussed above, 
apply also to these AD models.

Universal Reporter for the RNA-Dependent 
mRNA Amplification Pathway

The concept of a construct expressing beta-amyloid only in the 
mRNA amplification pathway can be generalized by substituting the 
Aβ-encoding portion of the construct with that encoding a tag peptide 
or even a fluorescent polypeptide. Such a construct would constitute a 
universal reporter of activity of the RNA-dependent mRNA amplification 
process in any system. A generic example of such a reporter construct-
expressed mRNA, encoding a tag peptide that is produced only in the 

Figure 6: Example of “silent” RNA transcript from a construct producing Aβ or C99 fragment solely in the RNA-dependent amplification pathway; 
projected amplification stages resulting in functional chimeric mRNA encoding Aβ or C99. Uppercase letters: Nucleotide sequence of the sense RNA. 
Lowercase letters: Nucleotide sequence of the antisense RNA. Highlighted in blue: Aβ- or C99-encoding region of mRNA. Highlighted in green: 5’AUG3’ in an 
optimal translation initiation context or its complement on the opposite RNA strand. Highlighted in yellow: 3’-terminal complementary element, TCE, and internal 
complementary element, ICE, of the antisense RNA. Highlighted in gray: 3’-terminal “C” not encoded in the DNA, a transcript of the cap”G” of mRNA and matching 
“G” at the 5’ end of the ICE on the antisense RNA. Red arrow: Position of cleavage of chimeric intermediate following strand separation. A–Translationally silent 
RNA encoding Aβ or C99 fragment of βAPP; note that the “AUG” immediately preceding Aβ-coding in endogenous mRNA has been removed and replaced by 
the “ACA”, and there is no functional translation initiation codon in-frame with and upstream from Aβ-coding segment. B - Antisense RNA; note that it contains 
5’aug3’ followed in the 3’ direction by sequence encoding N-terminus of Aβ at its 3’end. C - Antisense RNA folded into self-priming configuration; note that 5’aug3’ 
is accommodated by the 3’ugu5’, a complement of the “ACA” in the sense strand. D - Extension of self-primed antisense RNA generating chimeric intermediate 
containing covalently bound sense and antisense RNA strands; position of cleavage following strand separation is indicated by red arrow. E - Chimeric RNA end 
product of RNA-dependent mRNA amplification; note that it consists of the antisense portion encoding the “aug” translation initiation codon in optimal translation 
initiation context and the N-terminus of resulting polypeptide (Aβ or C99), whereas the sense RNA portion encodes the rest of a polypeptide and contains 3’UTR 
and 3’-terminal poly(A).
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Figure 7: Example of “silent” RNA transcript from a reporter construct producing tag peptide only when the RNA-dependent mRNA amplification 
pathway is operational; projected stages leading to generation of functional chimeric mRNA encoding tag peptide. Uppercase letters: Nucleotide 
sequence of the sense RNA. Lowercase letters: Nucleotide sequence of the antisense RNA.TAGPEPTIDE/UTR, highlighted in blue, denotes nucleotide sequence 
encoding a tag peptide followed by 3’UTR and lacking the AUG translation initiation codon; tagpeptide/utr, highlighted in blue, denotes antisense complement 
of the TAGPEPTIDE/UTR nucleotide sequence. Highlighted in green: 5’AUG3’ in an optimal translation initiation context or its complement on the opposite RNA 
strand. Highlighted in yellow: the 3’-terminal complementary element, TCE, and internal complementary element, ICE, of the antisense RNA. Highlighted in gray: 
3’-terminal “C” not encoded in the DNA, a transcript of the cap”G” of mRNA and matching “G” at the 5’ end of the ICE on the antisense RNA. Red arrow: Position 
of cleavage of chimeric intermediate following strand separation. A – Translationally silent RNA transcript encoding tag peptide and lacking the AUG translation 
initiation codon; there is also no functional translation initiation codon upstream from and in-frame with the tag peptide-encoding segment. B - Antisense RNA; note 
that it contains 5’aug3’ in the optimal translation initiation context. C - Antisense RNA folded into self-priming configuration; note that 5’aug3’ is accommodated by 
the 3’ugu5’, a complement of the “ACA” in the sense strand. D - Extension of self-primed antisense RNA generating chimeric intermediate containing covalently 
bound sense and antisense RNA strands; position of cleavage following strand separation is indicated by red arrow. E - Chimeric mRNA end product of RNA-
dependent mRNA amplification; note that the “aug” translation initiation codon in optimal translation initiation context provided by the antisense portion is in-frame 
with the tag peptide-encoding nucleotide sequence in the sense portion of the chimeric RNA end product.

RNA-dependent amplification pathway is shown in Figure 7. In it, 
TAGPEPTIDE/UTR highlighted in blue denotes nucleotide sequence 
encoding a tag peptide followed by 3’UTR and lacking the AUG 
translation initiation codon. There is also no functional translation 
initiation codon upstream from and in-frame with the tag peptide-
encoding segment; no polypeptide can be translated from this RNA, 
it is translationally “silent” (line A). In the corresponding antisense 
RNA (line B), tagpeptide/utr, highlighted in blue, denotes antisense 
complement of the TAGPEPTIDE/UTR nucleotide sequence; it 
also contains the 3’-terminal TCE and the internal ICE sequences 
(both highlighted in yellow). Moreover, the TCE contains a 5’aug3’ 
codon (highlighted in green and shown in 3’ to 5’ orientation) in an 
optimal translation initiation context. Following the antisense RNA 
folding into a self-priming configuration (line C), the structure is 
extended, strands are separated and the cleavage occurs (red arrow) 
at the 5’ end of the TCE (line D). In the chimeric RNA end product 
of amplification (line E), the TCE-derived “aug” codon, highlighted 
in green, is upstream from and in-frame with the tag peptide-coding 
sequence and can initiate its translation. The design of the construct 
ascertains that the additional 3’-terminal “C” of the antisense RNA, 
not encoded in the DNA but a transcript of the 5’cap “G” of the 
sense-strand RNA [11-13], can be accommodated in the folded self-
priming configuration (both 3’-terminal “C” of the antisense RNA 
and matching “G” at the 5’ end of the ICE are highlighted in gray). 

With this construct, tag peptide is produced only if and when the RNA-
dependent mRNA amplification pathway is operational; its occurrence 
reports the activity of the pathway.

Reporter-Based Optimal Experimental AD 
Models

The feasibility of a reporter for the RNA-dependent mRNA 
amplification pathway suggests a blueprint for the construction of, 
arguably, an optimal cell-based model of AD. In this design, human 
iPSCs are stably transfected with a DNA construct of a type depicted 
in Figure 7. It encodes a tag peptide that can be produced only if 
construct-transcribed RNA is amplified in the RNA-dependent 
mRNA amplification pathway and the AUG codon, capable of 
initiating the tag peptide translation, is contributed to the chimeric 
RNA end product of amplification by its antisense component. 
The occurrence of the tag peptide, therefore, reports the activity of 
the RNA-dependent mRNA amplification pathway. The resulting 
modified iPSCs are differentiated into neurons and the neuronal 
cultures are transiently transfected by amplification-ineligible RNA 
encoding human Aβ42 or C99 (transiently transfected DNA requires 
cell division for its expression). If necessary, cells may be transfected 
multiple times at few day intervals; Aβ42 may also be delivered into the 
neurons by other feasible means. Intracellular accumulation of Aβ42, 
translated (or C99-derived) from transiently transfected RNA or 
delivered by other means, to levels sufficient to trigger mitochondrial 
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dysfunction and associated stresses and/or stress responses is expected 
to lead to the activation of the RNA-dependent mRNA amplification 
pathway which, in turn, would result in production of the tag peptide, 
a reporter for this pathway. Such a human cell-based system, enabling 
a simple and efficient assay, would be instrumental both in studying 
Aβ-mediated activation of the mRNA amplification pathway and in 
testing potential drugs inhibiting the initiation of this process. Moreover, 
the eligibility of human βAPP mRNA for asymmetric amplification 
(subject to the TSS usage as stipulated above and verifiable by the 
occurrence of rigorously predictable and uniquely specific antisense/
sense RNA junction sequences [11-13]) would result in generation of 
endogenous C99 produced via this process independently of βAPP 
and processed, in a neuron-specific manner, into intracellularly 
retained beta-amyloid enriched in Aβ42 isoform. This, in turn, 
would, in conjunction with mitochondrial dysfunction and without 
additional transient transfections or other Aβ deliveries, sustain the 
activity of the AD-driving engine, i.e. beta-amyloid overproduction/
mitochondrial dysfunction mutual feedback cycles, further propagate 
the production of endogenous Aβ via βAPP mRNA amplification 
pathway, and potentially lead to manifestation of AD features, such 
as neurofibrillary tangles [65], that can be evaluated in assessing the 
efficiency of candidate drugs. The employment of iPSCs derived from 
Alzheimer’s patients would strongly increase the probability that the 
TSS(-149) is utilized and, therefore, that endogenous βAPP mRNA is 
amplification-eligible. In this system, production of Aβ in the RNA-
dependent mRNA amplification pathway would be insensitive to 
BACE inhibitors but suppressed by gamma-secretase inhibitors and 
affected, in its isoform pattern, by gamma-secretase modulators.

In an unlikely case that in the above iPSCs-originated models, the 
TSS utilization pattern is such that it makes endogenous βAPP mRNA 
ineligible for the RNA-dependent amplification process, an alternative 
design variant can be employed. In it, human iPSCs are stably 
transfected with a DNA construct shown in Figure 6 and encoding 
human beta-amyloid or C99 fragment of βAPP with Aβ segment 
tagged by one of the FAD-associated mutations. This is to distinguish, 
upon modified iPSCs’ differentiation into neurons and activation of 
the RNA-dependent mRNA amplification pathway by Aβ-encoding 
RNA transfections, the resulting construct-derived beta-amyloid 
from that produced endogenously and from Aβ molecules translated 
from transiently transfected RNA. In this variant, construct-derived, 
mutation-tagged Aβ itself serves as a reporter of the activity of the RNA-
dependent mRNA amplification pathway, in addition to its functional 
role. Once activated, expression from the construct would result in 
intraneuronally retained beta-amyloid that will sustain the activity 
of self-perpetuating Aβ overproduction/mitochondrial dysfunction 
mutual feedback cycles and trigger manifestation of the AD features 
even in the absence of endogenous βAPP mRNA amplification.

Whereas all animal AD models are intrinsically compromised to a 
certain degree because they express, non-physiologically, beta-amyloid 
in multiple cell types and at various developmental stages, human  
iPSCs-originated, cell-based experimental models described above are, 
arguably, the optimal ones because, unlike other experimental systems, 
they allow differentiation of stem cells into neurons, unimpeded and 
unaffected by non-physiological production of beta-amyloid or any 
other protein in undifferentiated precursor cells.

Conclusion
In summary, the paradigm described above introduces a new 

theory of Alzheimer’s disease. It explains highly discordant results 

obtained in animal studies versus outcomes of human clinical trials, 
defines distinct therapeutic targets, provides blueprints for a new 
generation of conceptually novel AD models and specifies design of 
a universal reporter for the RNA-dependent mRNA amplification 
pathway. Most importantly, after years of despair, it offers detailed 
guidance and tangible hope for prevention of the disease and its 
effective treatment at the early symptomatic stages.
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