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Abstract
Virtually all individuals with Down syndrome (DS) develop neurofibrillary tangles, a characteristic
brain lesion of Alzheimer’s disease (AD), when they reach the fourth decade of life. In AD,
neurofibrillary tangles are thought to result from abnormal hyperphosphorylation of tau protein,
which, in turn, can result from down-regulation of protein phosphatase (PP) 2A, a major brain tau
phosphatase. The abnormal hyperphosphorylation of tau in DS had not yet been characterized, and
its causes were not understood. In this study, by using quantitative Western blot analysis, we found
that the level of the catalytic subunit of PP2A, but not of PP1, PP2B or PP5, was dramatically
decreased. The decrease of PP2A level correlated negatively to tau level and tau phosphorylation at
several abnormal hyperphosphorylation sites, including Ser199, Thr205, Thr212, Ser262, Ser396
and Ser422. Our results indicate that PP2A is down-regulated in DS brain and suggest that this down-
regulation might be involved in the abnormal hyperphosphorylation and accumulation of tau.
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1. Introduction
Down syndrome (DS), caused by partial or complete trisomy 21, is the most frequent congenital
chromosomal abnormality and represents the most common genetic cause of mental
retardation. Virtually all individuals with DS develop the typical brain pathologies of
Alzheimer disease (AD), i.e., extracellular amyloid plaques and intracellular neurofibrillary
tangles (NFTs), when they reach the fourth decade of life [21,36,37]. Accompanying these
histopathological changes is the occurrence in DS patients of age-related cognitive impairment
that progresses to dementia resembling AD [17,27]. The amyloidosis in DS brain is believed
to result from overexpression of amyloid-β protein precursor (AβPP), the gene for which is
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located on chromosome 21 [4,28]. However, why adults with DS always develop
neurofibrillary pathology is hardly understood.

NFTs are composed of paired helical filaments and straight filaments, which consist of
microtubule-associated protein tau in an abnormally hyperphosphorylated form [13,14]. Many
studies have been carried out on the phosphorylation sites and their functional roles in the
abnormally hyperphosphorylated tau from AD brain. However, the same aspects have not yet
been investigated in DS brain.

It has been demonstrated that the abnormal hyperphosphorylation of tau is critical to
neurofibrillary pathology (reviewed in [18]). Theoretically, hyperphosphorylation of tau could
be the result of over-activation of tau kinases, down-regulation of tau phosphatases, and/or
alterations of tau molecule itself. Previous studies have shown that protein phosphatase (PP)
2A is the major tau phosphatase in the brain [7,9,11,23,30] and that down-regulation of this
phosphatase is partially responsible for the abnormal tau phosphorylation in AD brain [8,10,
23,24,32,35,39]. Whether PP2A is also down-regulated in adult DS brain had not yet been
investigated before the present study.

To study the abnormal hyperphosphorylation of tau and its possible causes in adult DS brains,
we determined the site-specific tau phosphorylation and the levels of the catalytic subunits of
major brain PPs. We found that the level of the catalytic subunit of PP2A (PP2Ac) was
dramatically decreased in adult DS brain, and this decrease correlated negatively with tau level
and phosphorylation at several abnormal hyperphosphorylation sites.

2. Methods
2.1. Human brain tissue

Tissue from the temporal cortex of 6 adults with DS and 6 normal controls (Table 1) were
obtained from the Brain Bank for Developmental Disabilities and Aging of our institute.
Diagnosis of DS was confirmed genetically. Histopathological examinations confirmed
Alzheimer-type brain pathology in all the DS cases and lack of such pathology in the control
cases. The brain tissue samples were stored at −70 °C until use. Frozen human brain tissues
were used in accordance with the U.S. National Institutes of Health guidelines and approved
by the institutional review committee of the New York State Institute for Basic Research in
Developmental Disabilities.

2.2. Antibodies
All primary antibodies used in this study are listed in Table 2. Peroxidase-conjugated anti-
mouse and anti-rabbit IgG was obtained from Jackson ImmunoResearch Laboratories (West
Grove, PA, USA). ECL kit was from Amersham Pharmacia Biotech (Piscataway, NJ, USA).

2.3. Western blots
The frozen temporal cortices were homogenized in cold buffer containing 50 mM Tris-HCl
(pH 7.4), 2.0 mM EDTA, 10 mM β-mercaptoethanol and 8.5% sucrose. The homogenates were
then immediately mixed at 1:1 ratio with 2-fold concentrated Laemmli sample buffer (125 mM
Tris-HCl, pH 6.8, 4.0% SDS, 20% glycerol, 2.0% β-mercaptoethanol and 0.005%
bromophenol blue) and heated in boiling water for 5 min, followed by assayfor protein
concentrations with modified Lowry methods [2]. The levels of specific proteins and the site-
specific phosphorylation of tau in the homogenates were determined by quantitative Western
blots using 10% SDS-PAGE and standard procedure, and the blots were developed by the
corresponding primary antibodies and enhanced chemiluminescence kit (Pierce
Biotechnology, Rockford, IL). The immunoreactivities of the blots were then quantified
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densitometrically. All data concerning the level of specific proteins were normalized by the
level of actin, and all data concerning phosphorylation levels of tau were normalized by the
level of total tau protein. For densitometric quantitation of tau immunoreactivity of AD cases,
we included both tau bands between 45 to 70 kDa and tau smears because these antibodies
does not cross-react to any other proteins in human brain and it is well known that these smears
are aggregated tau proteins.

2.4. Correlation analysis
Linear correlation between the levels of PP2A catalytic subunit and the level of tau or tau
phosphorylation at individual phosphorylation sites of brain homogenates from six DS cases
was analysed by using Microsoft Excel 2003. The correlation coefficients (r values) and p
value were calculated. p < 0.05 was regarded to have a significant correlation.

3. Results
3.1. Accumulation and site-specific hyperphosphorylation of tau in DS brain

Neurofibrillary pathology has been seen in the brains of all adult DS cases, but the accumulation
and site-specific hyperphosphorylation of tau have not been studied. We, therefore, studied
brain homogenates from 6 cases of adult DS and 6 cases of adult controls by quantitative
Western blots. We found that the total tau level in DS cases was nearly 4-fold greater than that
in the controls (Fig. 1). In control brain homogenates, tau displayed as several bands between
45 to 60 kDa, whereas in DS, these bands had an upshift of gel mobility, and many higher
molecular smears were also seen. These changes in tau in DS brain resembled those seen in
AD brain [20]. When phosphorylation-dependent tau antibodies were used, we found a marked
increase in tau phosphorylation at these detected sites, except at Ser202 and Ser214 (Fig. 1).
The increase in immunoreactivity in the blots of pS202 and pS214 resulted from the increased
tau level in DS brain, because the levels between DS and controls were similar after being
normalized with the total tau levels (Fig. 1 bar graphs).

3.2. Levels of protein phosphatases in DS brain
Tau phosphorylation level is largely regulated by PP2A and, to a lesser degree, by PP1, PP2B
and PP5 in the brain [7,11,23]. To investigate whether the abnormal hyperphosphorylation of
tau could be caused by dysregulation of these tau phosphatases, we determined the levels of
the catalytic subunits of these phosphatases by quantitative Western blots. We found that the
level of PP2Ac in DS brain homogenates was reduced to nearly half of that of controls, whereas
the levels of other phosphatases were not altered in DS brain (Fig. 2).

PP2A is composed of the catalytic subunit and one or two regulatory subunits (subunit A and
subunit B). We, therefore, determined the levels of A and B subunits of PP2A in the brain
homogenates, but did not find any significant differences between DS and control brains (data
not shown).

3.3. Correlation of PP2A level with tau accumulation and phosphorylation in DS brain
To study whether the decreased PP2Ac contributes to accumulation and hyperphosphorylation
of tau, we carried out linear correlation analyses between the PP2A levels and the levels and
the site-specific phosphorylation of tau in DS brains. We found that the levels of tau (R134d
immunoreactivity) correlated negatively to the levels of PP2Ac (Fig. 3A; r = −0.95, p < 0.01).
Among the 11 phosphorylation sites studied, tau phosphorylation levels at six of the sites were
also correlated negatively to the levels of PP2Ac (Fig. 3B–L). These six phosphorylation sites
include pSer262, where a very strong negative correlation (r = −0.96) was obtained when one
case that was apparently out of the data range was excluded from the calculation. However, if
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this case was included, the negative correlation did not reach statistical significance, with the
small number of cases.

4. Discussion
Neurofibrillary pathology in adult DS brain not only resembles that in AD brain, but also occurs
20–30 years earlier than in AD. The major protein component of NFTs is the abnormally
hyperphosphorylated tau protein [13,14]. Nearly 40 phosphorylation sites have been identified
in tau isolated from AD brain [12,16], and the abnormal hyperphosphorylation is believed to
be the major cause of neurofibrillary degeneration (reviewed in [18]). Although NFTs in DS
brain are morphologically indistinguishable from those in AD brain and also consist of
hyperphosphorylated tau [5,15], the abnormal phosphorylation sites of tau in DS brain had not
been investigated. In the present study, we employed Western blots developed with a battery
of site-specific and phosphorylation-dependent tau antibodies and studied a subset of the
abnormal hyperphosphorylation sites in adult DS brain. We found that, as seen in AD brain,
tau is also accumulated and hyperphosphorylated at most of these phosphorylation sites
studied. To limit the ages to a small range and the post-mortem intervals to a short period, only
6 DS cases were included in this study, but these cases had a very small range of age (58 ± 3.8
years old) and short post-mortem intervals (4.9 ± 1.1 hrs). Since almost all DS patients develop
NFTs in their brains before the age of 40 years old [21,36,37], the DS cases included in this
study had had neurofibrillary pathology for approximately 20 years, which were equivalent to
the late stage of AD. However, unlike in brains with the late stage of AD, we did not find
increased tau phosphorylation at Ser202 and Ser214 in DS brain, suggesting that the
phosphorylation pattern of tau in DS might be different from that of AD.

The molecular mechanism leading to the abnormal hyperphosphorylation of tau and the
consequent neurofibrillary pathology in DS brain is not understood. The present study is the
first to demonstrate a selective and dramatic decrease in the level of the catalytic subunit of
PP2A in DS brain. Because PP2A is the major brain phosphatase regulating tau
phosphorylation level and can dephosphorylate all the phosphorylation sites that were
examined in this study [7,9,11,23,30,31], our findings suggest the intriguing possibility that
the hyperphosphorylation of tau in DS brain might be caused by down-regulation of PP2A.
This possibility was reinforced by the correlation analysis that demonstrated a strong negative
correlation between the PP2Ac levels and the levels of total tau and its phosphorylation at
several abnormal hyperphosphorylation sites in DS brain. The lack of such negative correlation
between PP2A level and tau phosphorylation at Ser202 or Ser214, the latter of which was not
altered in DS brain, further supports the specificity of the association between PP2A down-
regulation and the hyperphosphorylation of tau at the sites found to be increased in DS brain.
Inhibition of PP2A has been shown to induce hyperphosphorylation and accumulation of tau
as well as axonopathy and memory deficits in animals of several in vivo models [19,33,38,
39].

Our observations that the phosphorylation levels of tau at Thr181, Thr217 and Ser404 did not
significantly correlate with PP2A levels suggest that other mechanisms in addition to PP2A
down-regulation might also contribute to abnormal phosphorylation of tau in DS brain. For
example, we recently found that a protein kinase named Dyrk1A, which is over-expressed as
a result of trisomy 21 in DS brain, can phosphorylate tau at several phosphorylation sites,
including the three sites above, and that the overexpression of this kinase may partially underlie
the abnormal hyperphosphorylation of tau and neurofibrillary degeneration in DS (unpublished
observations). In addition, overproduction of AβPP and accumulation of Aβ, as a result of
trisomy 21, may also contribute to abnormal phosphorylation of tau and neurofibrillary
pathology in DS brain, since recent studies have shown that duplication of AβPP gene can
cause early-onset AD that has both amyloid plaques and NFTs in the brain [26,29].
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Currently, we do not know the mechanism by which the level of PP2Ac is down-regulated in
DS brain. One possibility is the selective increase in the degradation of PP2Ac, as up-regulation
of some proteases has been reported in DS brain [3,22]. The other possibility could be that less
PP2A catalytic subunit is expressed in adult DS brain. The ultimate approach to verify this
possibility would be to compare the mRNA levels between adult DS and control brains, but it
is difficult to reliably determine mRNA levels from post-mortem human brain tissue.

In conclusion, we have demonstrated in adult DS brain that (1) tau protein is accumulated and
hyperphosphorylated at multiple phosphorylation sites; (2) the level of the catalytic subunit of
PP2A is selectively decreased to nearly half of the controls; and (3) the decrease in PP2Ac
levels correlates negatively to the levels of tau and its phosphorylation at several abnormal
phosphorylation sites. These findings provide a likely mechanism of neurofibrillary pathology
in DS and suggest that neurofibrillary degeneration in adult DS could be caused, at least in
part, by PP2A down-regulation. Correction of the PP2A down-regulation could be a potential
therapeutic target to inhibit neurofibrillary degeneration and, hence, treat dementia in adult DS
patients.
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Fig. 1.
Level and site-specific phosphorylation of tau in DS brain. Homogenates of the temporal
cortices from 6 cases each of adult DS and non-neurological controls (Con) were analyzed by
Western blots developed with antibodies indicated under each blot. R134d is a
phosphorylation-independent tau antibody for determining the total tau level. The other tau
antibodies are phosphorylation-dependent and site-specific and were used to determine the
phosphorylation level of tau at the corresponding individual phosphorylation sites. Actin blot
was included as a loading control. Molecular weight markers in kDa are indicated on the left
side of the blots. Densitometric quantitation of the blots is shown on the right side of each blot.
The values were calculated after normalization with actin blot (for calculation of the total tau)
or with R134d blot (for calculation of the site-specific phosphorylation), and the
immunoreactivities of the DS group were expressed in relation to those of the control group.
Because no phosphorylation of tau was detectable at Thr212, Thr217, Ser262, Ser396 or Ser422
in the control group, the increase in the DS group at these sites became infinity (∞). Data are
presented as mean ± SD. Open bars, control; close bars, DS; *p < 0.05 as compared to controls.
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Fig. 2.
Levels of protein phosphatases in DS and control brains. (A) Homogenates of the temporal
cortices from 6 cases each of adult DS and non-neurological controls (Con) were analyzed by
Western blots developed with antibodies to the catalytic subunit of PP1, PP2A, PP2B or PP5.
Actin blot was also included as a loading control. (B) The blots shown in panel A were
quantified densitometrically, and the relative immunoreactivities (mean ± SD) were
normalized with the actin blot. *p < 0.05, as compared to controls.
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Fig. 3.
Correlation analysis between levels of PP2A and of total or phosphorylated tau in DS brains.
Levels of total (immunoreactivity of R134d) or phosphorylated tau at specific sites
(immunoreactivity of the phosphorylation-dependent and site-specific tau antibodies), as
determined by quantitative Western blots, in 6 DS brains were plotted against the level of the
catalytic subunit of PP2A. A linear regression line is shown when the correlation reached
statistical significance. The dotted line and the r* in the case of pS262 is the linear regression
line and correlation coefficient, respectively, calculated when one case that was apparently out
of the data range was excluded.
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Table 1
Human brain tissue used in this study

Group Case# Gender Age at death *PMI (h)

DS 1 M 65 4.5

2 F 58 5

3 F 55 5

4 M 55 6

5 F 59 6

6 M 61 3

Mean ± DS 58.8 ± 3.8 4.9 ± 1.1

Control 1 F 67 2.5

2 M 86 1.5

3 F 61 7

4 F 68 3

5 F 67 4

6 M 59 6

Mean ± DS 68.0 ± 9.5 4.0 ± 2.1

*
PMI (h), postmortem interval in hours.
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Table 2
Primary antibodies employed in this study

Antibody Type Specificity Phosphorylation site* Source/References

Anti-PP1 Monoclonal PP1c BD Bioscience, Palo Alto,
CA, USA

Anti-PP2A Monoclonal PP2Ac Upstate, Lake Placid, NY,
USA

Anti-PP2A Polyclonal PP2A-A Upstate

Anti-PP2A Monoclonal PP2A-B Upstate

R126d Polyclonal PP2Bc [25]

Anti-PP5 Polyclonal PP5 [1]

Anti-actin Monoclonal Actin Sigma-Aldrich, St. Louis,
MO, USA

pT181 Polyclonal P-tau† pT181 Biosource, Camerillo, CA,
USA

pS199 Polyclonal P-tau pS199 Biosource

pS202 Polyclonal P-tau pS202 Biosource

pT205 Polyclonal P-tau pT205 Biosource

pT212 Polyclonal P-tau pT212 Biosource

pS214 Polyclonal P-tau pS214 Biosource

pT217 Polyclonal P-tau pT217 Biosource

pS262 Polyclonal P-tau pS262 Biosource

pS396 Polyclonal P-tau pS396 Biosource

pS404 Polyclonal P-tau pS404 Biosource

pS422 Polyclonal P-tau pS422 Biosource

R134d Polyclonal Tau [34]

*
Numbered according to the largest isoform of human brain tau [6].

†
P-tau, phosphorylated tau
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