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PERSPECTIVE

Activation of tyrosine phosphatases in
the progression of Alzheimer’s disease

Patients with Alzheimer’s disease (AD) have progressive memory
loss, inability to reason, and display anxiety that accelerates disease
progression. Evidence points to two deficits: 1) the brain fails to
respond to insulin that regulates the formation of neuron connec-
tions required to store memories, and 2) deficits arise in the brain’s
endogenous cannabinoid signaling that regulates mood and pre-
vents anxiety (Aso and Ferrer, 2014). In addition, leptin signaling,
important in regulating hypothalamic synaptic plasticity and cogni-
tive function is also affected in AD (McGregor and Harvey, 2018).
Until now, no single treatment targeting these three signaling defi-
cits has been proposed. The tyrosine phosphatase PTP1B (Ptpnl)
blocks brain insulin and leptin signaling (Pandey et al., 2013) and
prevents endogenous cannabinoid production (Qin et al., 2015b)
and is elevated in the brain of AD mice (Ricke et al., 2020). Thus,
PTP1B is a plausible target for AD.

A recent report from the laboratory of Hsiao-Huei Chen iden-
tified activation of PTP1B in neurons of a transgenic mouse
(hAPP-J20) expressing mutant human amyloid precursor protein as
a key player in hastening the progression of cognitive decline and
neuronal loss (Ricke et al., 2020). Ricke et al. (2020) showed that
systemic administration of the PTP1B-selective tyrosine phospha-
tase inhibitor Trodusquemine for 6 weeks prevented inflammation,
memory decline and loss of CA3 hippocampal neurons, whereas
transgenic mice with neuron-specific ablation of PTPB prevented
memory decline and hippocampal neuron loss, but not inflamma-
tion. This study proposes that neuronal activation of PTP1B rather
than inflammation is the critical component to memory decline
and neuron loss. This does not exclude the possibility that inflam-
mation activates PTP1B in neurons and thereby contributes to
cognitive decline in hAPP-J20 mice. Moreover, Ricke et al. (2020)
found that ablation of PTPB1 in neurons had no effect on cerebral
amyloid B protein or plaque load, but instead markedly reduced
plaque size in the hippocampus. This finding suggests that the
expression of mutant amyloid B protein drives PTP1B activation,
rather than the other way around.

Under physiological conditions, PTP1B activity is dynamically
regulated: PTP1B is transiently activated by insulin and leptin re-
ceptor-mediated phosphorylation, and in turn PTP1B dephosphor-
ylates the insulin and leptin receptors to terminate their signaling.
In the cortex and hippocampus, gamma-aminobutyric acid ergic
(GABAergic) neurogliaform cells produce insulin locally (Molnar
et al,, 2014) and leptin is actively transported across the blood brain
barrier. Insulin and leptin play important roles in controlling synap-
tic plasticity in the brain and deficits in both insulin and leptin sig-
naling have been implicated in AD (McGregor and Harvey, 2018).
Ricke et al. (2020) reported that insulin signaling is compromised in
hAPP-J20 transgenic mice. Importantly, this study showed that sys-
temic administration of Trodusquemine for 6 weeks or neuron-spe-
cific ablation of PTP1B in hAPP-J20 transgenic mice restored
insulin signaling and the phosphorylation/inhibition of GSK3p.
Interestingly, activation of GSK3p has been tied to the accumulation
of AD-associated deposits, and restoring GSK3p phosphorylation
by targeting PTP1B inhibition may account for the reduced plaque
size observed by Ricke et al. (2020).

Under healthy basal conditions, PTP1B activity in neurons is
suppressed by the endogenous inhibitor LMO4 (Pandey et al,,
2013) and cellular stresses such as extracellular ATP-mediated ac-
tivation of purinergic receptors or exposure to palmitic acid or the
stress hormone glucocorticoids can cause LMO4 to dissociate from
PTP1B and shuttle from the cytoplasm to the nucleus, leaving PT-
P1B disinhibited (Chen et al., 2007; Pandey et al., 2013; Qin et al,,
2015b). Indeed, neuron-specific ablation of LMO4 leads to elevated
PTP1B activity (Pandey et al., 2013; Qin et al., 2015b), resulting in
deficits in calcium-induced calcium release and synaptic plasticity

in the hippocampus coupled to impaired spatial learning (Qin et al.,
2012), deficient hypothalamic leptin (Pandey et al., 2013) and in-
sulin (Qin et al.,, 2015a) signaling coupled to obesity, and deficient
endocannabinoid production from the metabotropic glutamate re-
ceptor mGluRS5 in the basolateral amygdala coupled to anxiety (Qin
et al,, 2015b). Importantly, these phenotypes can all be remedied by
selective pharmacological inhibition of PTP1B or by neuron-spe-
cific ablation of PTP1B (Pandey et al., 2013; Qin et al., 2015b). It is
also worth noting that the low dose of the PTP1B-selective inhibi-
tor Trodusquemine that shows beneficial effects in anxiety (Qin et
al,, 2015b), AD (Ricke et al., 2020) and type 2 diabetes (Qin et al.,
2015a) mouse models, has little effect in healthy mice (Qin et al.,
2015a, b; Ricke et al., 2020). Figure 1 summarizes how these path-
ways are affected by neuronal PTP1B activation that can hasten AD
progression.

This is not the first time that ablation of a tyrosine phosphatase
has shown benefit in the progression of AD in a transgenic mouse.
Zhang et al. (2010) reported that the striatal-enriched tyrosine
phosphatase STEP (Ptpn5) is also important for this process. They
crossed a global Step knockout mouse to triple transgenic (3xTg)
mice and found similar improvements in cognitive function in this
mouse model of AD. While these authors did not assess the con-
sequence of STEP ablation on markers of inflammation, they also
found that STEP ablation had no effect on amyloid  accumulation,
as was reported by Ricke et al. (2020) or on phosphoTau accumu-
lation. Moreover, Zhang et al. (2010) showed that STEP ablation
rescued synaptosomal levels of tyrosinel1472 phosphorylated NR2B,
NR2B and NRI1 subunits of the NMDAR in 3XTg mice. Further-
more, hippocampal synaptic plasticity was restored by STEP abla-
tion in 3XTg mice.

Similarly, STEP activity is maintained in a suppressed state
in neurons by phosphorylation of serine residues in the kinase
interacting motif (Ser221 in STEP61 and Ser49 in STEP46).
NMDAR-mediated calcium influx activates the serine/threonine
phosphatase calcineurin that transiently dephosphorylates and ac-
tivates STEP (Paul et al., 2003). STEP can also be phosphorylated
on tyrosine residues in the phosphatase domain according to the

Figure 1 Pathways affected by neuronal PTP1B activation can hasten
Alzheimer’s disease progression.

PTP1B activity in neurons is suppressed by the endogenous inhibitor
LMO4 (Pandey et al., 2013) and cellular stresses can release this inhibi-
tion by removing LMO4 from the ER to the nucleus (Chen et al., 2007;
Pandey et al., 2013; Qin et al., 2015b). PTP1B can dephosphorylate
and impair glutamate receptors (mGluR5 (Qin et al., 2015b)), insulin
receptor (Qin et al,, 2015a), leptin receptor (Pandey et al., 2013) and
Ryanodine receptor 2 (RYR2) (Qin et al., 2012); these receptors and
their signaling modulate synaptic plasticity and memory consolidation.
mGluR5-mediated endocannabinoid (eCB) production that is import-
ant to limit anxiety can also be affected by PTP1B activation (Qin et al.,
2015b). In addition, PTP1B and STEP may amplify each other’s activity
and STEP dephosphorylates GluN2B (aka, NR2B) (Zhang et al., 2010).
?2: Putative mechanisms that remain to be tested; CICR: calcium-in-
duced calcium release.
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PhosphositePlus database (https://www.phosphosite.org/), although
the functional significance of this modification has not been deter-
mined, nor is the identity of the tyrosine phosphatase that dephos-
phorylates these residues known.

The similarities between the studies by Ricke et al. (2020) and
by Zhang et al. (2010) raise intriguing possibilities: 1) These tyro-
sine phosphatases may be part of the same cascade activated by
expression of mutant AD related proteins (amyloid beta precursor
protein in J20 mice as well as mutant presenilin and tau in 3xTg
mice). Either PTP1B is required to activate STEP or vice versa. 2)
These tyrosine phosphatases may work together synergistically to
affect neuronal function and cause cognitive decline. In either case,
it is likely that these 2 phosphatases cross paths in the same neuron.
This would explain why deletion of either phosphatase appears to
be sufficient to block cognitive decline.

An outstanding question is whether pharmacological inhibition
of PTP1B can also be effective for tauopathy, another component of
AD. Future studies in the PS19 mouse model expressing the human
P301S mutation of T34 under the control of the mouse prion pro-
tein promoter could directly test the therapeutic efficacy of PTP1B
inhibition or neuron-specific ablation of PTP1B in the context of
tau pathology in the absence of amyloid beta pathology.

Expression of mutant AD-related proteins in these mouse mod-
els likely activates the unfolded protein response or endoplasmic
reticulum stress response. Along these lines, one would postulate
whether neuronal activation of PTP1B or STEP by the expression
of mutant proteins and endoplasmic reticulum stress may underlie
many more neurological disorders than just AD, like autism or
schizophrenia. Selective activation of PTP1B in different neuron
populations could produce very distinct phenotypes. For exam-
ple, activation of PTP1B in glutamatergic neurons causes spatial
memory deficits (Qin et al., 2012), increases anxiety (Qin et al.,
2015b) and late-onset obesity (Pandey et al., 2013) and diabetes
(Qin et al., 2015a). On the other hand, our recent report showed
that PTP1B activation in parvalbumin inhibitory neurons does not
associate with any of the above deficits detected with activation in
glutamatergic neurons, but rather causes autism-like behavior defi-
cits (Zhang et al., 2020). As to how STEP interacts with PTP1B in
different neuron populations and contributes to these above disease
phenotypes remain unknown and await future studies.

Beyond PTP1B and STEP, according to the Human Genome
Organization Genome Nomenclature Committee (https://www.
genenames.org/data/genegroup/#!/group/812), there are 17 non-re-
ceptor tyrosine phosphatases (PTPN1-7, PTPN9, PTPN11-14,
PTPN18, PTPN20-23). Tissue-specific expression profiling data
from the Genotype-Tissue Expression project database reveals
that these tyrosine phosphatases are all expressed in neural tissues
(https://gtexportal.org/home/). This does not include the additional
21 receptor tyrosine kinases or the 61 dual specificity phosphatases
that can dephosphorylate tyrosine as well as other residues or sub-
strates. Further work is needed to delineate the specific substrates
for each of these tyrosine phosphatases and the hierarchy of tyro-
sine phosphatase activation in neurons under stress, as occurs in
congenital forms of AD. Whether targeting tyrosine phosphatases
will also prove beneficial in cases of sporadic AD remains an open
question.

The authors are grateful to Dr. Konrad Ricke for critical reading of
the manuscript.

This work was supported by grants from the Heart and Stroke Foun-
dation of Canada (to HHC, G-13-0002596 & G-18-0022157; to
AFRS, G-16-00014085), the Natural Science and Engineering Re-
search Council of Canada (to HHC, RGPIN/06212-2014; to AFRS,
RGPIN/2016-04985) and the Canadian Institutes of Health Research
(HHC, 201610P]T). HHC was also supported by a Mid-Career Inves-
tigator Award (grant No. 7506) from the Heart and Stroke Founda-
tion of Ontario.

2246

Alexandre E. R. Stewart ", Hsiao-Huei Chen"
University of Ottawa Heart Institute, Ottawa, Canada
(Stewart AFR)

Ottawa Hospital Research Institute, Ottawa, Canada (Chen HH)
*Correspondence to: Alexandre F. R. Stewart, PhD,
astewart@ottawaheart.ca;

Hsiao-Huei Chen, PhD, hchen@uottawa.ca.

orcid: 0000-0003-2673-9164 (Alexandre F. R. Stewart)
0000-0003-2914-6057 (Hsiao-Huei Chen)

Received: January 27, 2020

Peer review started: February 13, 2020

Accepted: March 16, 2020

Published online: June 19, 2020

doi: 10.4103/1673-5374.284986

Copyright license agreement: The Copyright License Agreement has been
signed by both authors before publication.

Plagiarism check: Checked twice by iThenticate.

Peer review: Externally peer reviewed.

Open access statement: This is an open access journal, and articles are dis-
tributed under the terms of the Creative Commons Attribution-NonCommer-
cial-ShareAlike 4.0 License, which allows others to remix, tweak, and build
upon the work non-commercially, as long as appropriate credit is given and
the new creations are licensed under the identical terms.

References

Aso E, Ferrer I (2014) Cannabinoids for treatment of Alzheimer’s disease:
moving toward the clinic. Front Pharmacol 5:37.

Chen HH, Xu J, Safarpour F, Stewart AF (2007) LMO4 mRNA stability is
regulated by extracellular ATP in F11 cells. Biochem Biophys Res Com-
mun 357:56-61.

McGregor G, Harvey J (2018) Regulation of hippocampal synaptic function
by the metabolic hormone, leptin: implications for health and neurode-
generative disease. Front Cell Neurosci 12:340.

Molnar G, Farago N, Kocsis AK, Rozsa M, Lovas S, Boldog E, Baldi R, Csa-
jbok E, Gardi J, Puskas LG, Tamas G (2014) GABAergic neurogliaform
cells represent local sources of insulin in the cerebral cortex. ] Neurosci
34:1133-1137.

Pandey NR, Zhou X, Qin Z, Zaman T, Gomez-Smith M, Keyhanian K,
Anisman H, Brunel JM, Stewart AF, Chen HH (2013) The LIM domain
only 4 protein is a metabolic responsive inhibitor of protein tyrosine
phosphatase 1B that controls hypothalamic leptin signaling. ] Neurosci
33:12647-12655.

Paul S, Nairn AC, Wang P, Lombroso PJ (2003) NMDA-mediated activation
of the tyrosine phosphatase STEP regulates the duration of ERK signal-
ing. Nat Neurosci 6:34-42.

Qin Z, Pandey NR, Zhou X, Stewart CA, Hari A, Huang H, Stewart AF,
Brunel JM, Chen HH (2015a) Functional properties of Claramine: A
novel PTP1B inhibitor and insulin-mimetic compound. Biochem Bio-
phys Res Commun 458:21-27.

Qin Z, Zhou X, Gomez-Smith M, Pandey NR, Lee KF, Lagace DC, Beique
JC, Chen HH (2012) LIM domain only 4 (LMO4) regulates calcium-in-
duced calcium release and synaptic plasticity in the hippocampus. ] Neu-
rosci 32:4271-4283.

Qin Z, Zhou X, Pandey NR, Vecchiarelli HA, Stewart CA, Zhang X, Lagace
DC, Brunel JM, Beique JC, Stewart AF, Hill MN, Chen HH (2015b)
Chronic stress induces anxiety via an amygdalar intracellular cascade that
impairs endocannabinoid signaling. Neuron 85:1319-1331.

Ricke KM, Cruz SA, Qin Z, Farrokhi K, Sharmin E Zhang L, Zasloff MA,
Stewart AFR, Chen HH (2020) Neuronal protein tyrosine phosphatase
1B hastens amyloid beta-associated Alzheimer’s disease in mice. ] Neuro-
sci 40:1581-1593.

Zhang L, Qin Z, Ricke KM, Cruz SA, Stewart AFR, Chen HH (2020) Hy-
peractivated PTP1B phosphatase in parvalbumin neurons alters anterior
cingulate inhibitory circuits and induces autism-like behaviors. Nat
Commun 11:1017.

Zhang Y, Kurup P, Xu ], Carty N, Fernandez SM, Nygaard HB, Pittenger C,
Greengard P, Strittmatter SM, Nairn AC, Lombroso PJ (2010) Genetic
reduction of striatal-enriched tyrosine phosphatase (STEP) reverses cog-
nitive and cellular deficits in an Alzheimer’s disease mouse model. Proc
Natl Acad Sci U S A 107:19014-19019.

C-Editors: Zhao M, Li JY; T-Editor: Jia Y



