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Abstract

To distinguish age-related memory loss more explicitly from Alzheimer’s disease (AD), we have 

explored its molecular underpinning in the dentate gyrus (DG), a subregion of the hippocampal 

formation thought to be targeted by aging. We carried out a gene expression study in human 

postmortem tissue harvested from both DG and entorhinal cortex (EC), a neighboring subregion 

unaffected by aging and known to be the site of onset of AD. Using expression in the EC for 

normalization, we identified 17 genes that manifested reliable age-related changes in the DG. The 

most significant change was an age-related decline in RbAp48, a histone-binding protein that 

modifies histone acetylation. To test whether the RbAp48 decline could be responsible for age-

related memory loss, we turned to mice and found that, consistent with humans, RbAp48 was less 

abundant in the DG of old than in young mice. We next generated a transgenic mouse that 

expressed a dominant-negative inhibitor of RbAp48 in the adult forebrain. Inhibition of RbAp48 in 

young mice caused hippocampus-dependent memory deficits similar to those associated with 

aging, as measured by novel object recognition and Morris water maze tests. Functional magnetic 

resonance imaging studies showed that within the hippocampal formation, dysfunction was 

selectively observed in the DG, and this corresponded to a regionally selective decrease in histone 
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acetylation. Up-regulation of RbAp48 in the DG of aged wild-type mice ameliorated age-related 

hippocampus-based memory loss and age-related abnormalities in histone acetylation. Together, 

these findings show that the DG is a hippocampal subregion targeted by aging, and identify 

molecular mechanisms of cognitive aging that could serve as valid targets for therapeutic 

intervention.

 INTRODUCTION

The hippocampal formation, a circuit made up of interconnected subregions, plays a vital 

role in memory. Each hippocampal subregion houses a population of neurons with distinct 

molecular expression profiles and physiological properties. This molecular and functional 

anatomy is thought to account in part for the differential vulnerability of hippocampal 

subregions to various pathogenic mechanisms (1).

Indeed, although both Alzheimer’s disease (AD) and the normal aging process affect 

hippocampal-dependent memory processes, several recent studies suggest that the two 

disorders might be distinguished by distinct anatomical patterns of hippocampal dysfunction 

(1). Postmortem studies have suggested that the entorhinal cortex (EC) as well as the CA1 

subregion and the subiculum are the hippocampal subregions that are most affected by AD 

(2, 3), whereas the dentate gyrus (DG) and CA3 are relatively preserved (2, 4, 5). Similar 

patterns have been detected in vivo by high-resolution variants of functional magnetic 

resonance imaging (fMRI) (6–8). In contrast to AD, normal aging does not cause cell death 

or other pathognomonic histological abnormalities. Rather, age-related memory loss is 

characterized by dysfunctional neurons, and therefore, functional endpoints are best suited 

for mapping age-related hippocampal dysfunction. Results from high-resolution fMRI (7, 9, 

10) and cognitive studies (11–14) suggest that the primary initial target of normal aging is 

the DG, whereas the EC is relatively preserved (1).

Although these anatomical patterns are suggestive, no specific molecular defects underlying 

age-related DG dysfunction have been identified. To obtain more direct evidence that age-

related memory loss is not an early form of AD, we sought to isolate a molecular correlate 

of the aging human DG and explore whether this molecule mediates age-related memory 

loss. We hoped that these experiments could achieve two goals. First, the results could 

confirm or deny the anatomical pattern associated with aging and therefore further establish 

that aging and AD target the hippocampal circuit via separate mechanisms. Second, these 

findings could offer insight into the etiology of age-related memory loss with the potential of 

opening up new therapeutic avenues.

Although well suited to screen for molecular correlates of aging, gene expression profiling 

presents analytic challenges when applied to tissue harvested from postmortem human brain. 

Unlike the controlled experimental setting of animal models, the many genetic and life-style 

differences between human subjects affect expression levels independent of age and are 

therefore considered sources of variance. As described (15), one approach to addressing this 

challenge is to normalize expression levels to a region unaffected by aging, thereby reducing 

sources of variance. Guided by the image studies reviewed above, we used expression levels 

in the EC to normalize expression in the DG. In so doing, we identified 17 candidate aging-
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associated genes and focused on one, RbAp48, whose decline in expression best correlated 

with the aging human DG. We then turned to mouse models and used cognitive, fMRI, and 

molecular analyses to examine the role of RbAp48 in age-related hippocampal dysfunction 

in the DG.

 RESULTS

 RbAp48 deficiency in the aging human hippocampus

Guided by the spatiotemporal pattern that distinguishes age-related hippocampal dysfunction 

from AD, we harvested the DG from postmortem human brains that were free of any 

detectable brain pathology, ranging in age from 33 to 88. In addition, we harvested from 

each brain the EC, as a within-brain control. Gene expression profiles were generated with 

Affymetrix microarray chips (one microarray per individual and brain area). We performed a 

hypothesis-driven analysis (15, 16) on the basis of the observation that the DG is 

preferentially affected by aging, whereas the EC is relatively spared. We first normalized 

expression levels of genes in the DG to their expression in the EC; the normalized values for 

the DG transcripts were then assessed for correlation with age of the subject. We found 17 

normalized transcripts that decreased or increased with age, with P ≤ 0.005. We verified that 

the changes in these normalized transcripts were not a result of age-associated changes in 

their abundance in the EC (Table 1 and fig. S1). One of the genes with the largest expression 

change also had values that conformed to the spatiotemporal pattern of normal age-related 

hippocampal dysfunction. This gene encoded RbAp48, a transcriptional regulator (β = 

−0.94, P = 0.0005) (Fig. 1, A and C).

We therefore focused on RbAp48 and carried out an independent analysis of age-related 

changes in the protein encoded by this gene. We harvested the EC and DG as well as 

additional hippocampal subregions (CA3, CA1, and subiculum) from a separate group of 10 

healthy human brains, ranging from 41 to 89 years of age (Fig. 1C). Using Western blots, we 

measured RbAp48 and actin in each tissue sample. As for the mRNA, the amount of 

RbAp48 protein declined with age in the DG (β = −0.72, P = 0.02), but not in the EC (β = 

0.13, P = 0.71) (Fig. 1, B and D) or other hippocampal subregions (CA3: β = 0.09, P = 0.81; 

CA1: β = −0.48, P = 0.16; subiculum: β = 0.12, P = 0.62).

 A forebrain-specific, dominant-negative inhibitor of RbAp48 in mice

RbAp48 plays multiples roles in histone acetylation and transcriptional regulation. It is also 

implicated in the cyclic adenosine monophosphate (cAMP)–protein kinase A (PKA)–cAMP 

response element–binding protein 1 (CREB1) pathway (17). Histone acetylation and the 

cAMP-PKA-CREB1 pathway are both required for normal hippocampal function and aging 

in the mouse (18–23). We therefore further investigated RbAp48 and tested whether its 

modulation could cause age-related memory decline in mice.

In wild-type mice, RbAp48 was expressed at high levels in the hippocampus, particularly in 

the DG (Fig. 2A). Consistent with our findings in humans, RbAp48 protein was less 

abundant in the DG of aged mice than in the DG of young mice. This age-related reduction 
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of RbAp48 was selective to the DG; its abundance in the CA3-CA1 subregion of the 

hippocampus was similar in aged and young mice (Fig. 2B).

To examine the function of RbAp48, we generated double-transgenic (DT) mice that 

expressed a dominant-negative form of RbAp48 (henceforth RbAp48-DN). This form of 

RbAp48 lacked the first 54 N-terminal amino acid residues, which are critical for the 

interaction of RbAp48 with histone H4, but retained the ability to bind to histone 

modification factors through the WD40 repeats (24). We restricted the expression of 

RbAp48-DN to the forebrain by using the CaMKIIα promoter and controlled its expression 

temporally with the tTA system (25) (Fig. 2C). This approach allowed us to inhibit RbAp48 

function in the adult forebrain of DT mice in a spatially restricted and reversible manner. To 

discriminate between the endogenous and the recombinant RbAp48 proteins, we fused a 

Flag epitope tag to the N terminus of RbAp48-DN. To avoid developmental effects, we 

inhibited RbAp48-DN transcription in DT mice until day P40 with doxycycline (Fig. 2C). 

When we stopped doxycycline treatment to mice at day P40 and examined them at day P95 

(adults), consistent with its anticipated dominant-negative function, RbAp48-DN in DT mice 

colocalized with endogenous RbAp48 in hippocampal neurons and significantly reduced the 

binding of RbAp48 to H4 compared to that in control siblings (Fig. 2, D and E).

 Effect of forebrain-specific inhibition of RbAp48 on memory in young mice

We next asked whether inhibiting RbAp48 in the young adult mouse (3.5 months) forebrain 

interferes with memory. Because differences in anxiety can affect cognitive performance, we 

first examined all groups of mice on the elevated plus maze and in the open field. The 

elevated plus maze is widely used to measure anxiety for rodents. The basic measure of this 

task is the animals’ preference for dark over exposed places. In the open field, mice with 

anxiety-like phenotypes avoid the center of the arena. The two groups, whether with 

inhibited RbAp48 (experimental) or functional RbAp48 (control), performed similarly in 

both tasks (fig. S2A). Thus, we concluded that anxiety levels are similar in the DT and the 

control mice and that differences in anxiety levels would not confound interpretation of 

results from our cognitive tasks.

We then tested for hippocampal-dependent dysfunction with a novel object recognition task. 

Unlike other rodent tasks, novel objection recognition–type tasks are valid in numerous 

mammalian species, and indeed, an age-related decline in novel object recognition has been 

documented in humans (26–28), as well as in animal models (29–31). We used a single-trial 

familiarization (training) protocol (32), which is hippocampus-dependent (33). The mice 

were placed in an open arena containing two identical objects and were allowed to explore 

them for 15 min. Independent of genotype, the mice explored both objects equally (Fig. 3A). 

Twenty-four hours after the training session, the animals were placed back in the arena, 

where one familiar and one novel object were presented. Control and DT mice displayed 

similar performance, that is, both groups exhibited a strong preference for the novel object, 

indicating that they retained a good memory of the familiar object after 24 hours (Fig. 3A). 

We found, however, that the memory of the novel object formed by the DT mice was 

significantly less robust than that formed by their control siblings, as evidenced by a 

memory test that we gave the mice 1 day later (48 hours after the initial familiarization 
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session). At 48 hours, the DT mice explored both objects equally, whereas the control mice 

again displayed a large preference for the novel object (Fig. 3A). To confirm that the poor 

performance of the DT mice in the 48-hour memory test was not a result of enhanced 

extinction learning (because the novel and familiar objects were the same in the 24-and 48-

hour tests), we subjected another group of animals to a shorter initial familiarization session 

(10 min instead of 15 min). With this shorter training protocol, the DT mice did not 

remember the familiar object 24 hours later, whereas the control mice had formed a good 

memory at 24 hours (Fig. 3A and fig. S2B). Because no other memory test was performed 

before the 24-hour memory test, an extinction-related effect cannot have contributed to the 

low performance of the DT mice. These data suggest that inhibition of RbAp48 in the 

forebrain of young mice results in compromised novel object recognition memory.

The tTA system allowed us to confirm that the memory deficit in the DT mice resulted from 

acute action of RbAp48-DN in mature adult forebrain neurons and not from an early 

compensatory effect secondary to its expression between the day of its activation (day P40) 

and adulthood or to a positional effect of the transgene. DT mice and control littermates 

remained on doxycycline-containing food until day P40, at which point they were switched 

to doxycycline-free food, allowing synthesis of RbAp48-DN. Forty days later (day P80), the 

mice were shifted back to doxycycline-containing food, blocking the expression of RbAp48-

DN (Fig. 2C). At day P105 (3.5 months), the mice were tested in the novel object 

recognition task. The DT and control mice on doxycycline performed similarly (Fig. 3B and 

fig. S2, C and D), indicating that when RbAp48-DN expression was eliminated in the adult 

forebrain of DT mice (that is, DT mice were fed doxycycline) and the inhibition of RbAp48 

was released, these mice retained the ability to recognize novel objects. Thus, the 

compromised novel object recognition memory in DT mice expressing RbAp48-DN results 

from acute inhibition of RbAp48 by RbAp48-DN in adult forebrain neurons.

Because RbAp48 is involved in the control of cell cycle and proliferation (34, 35), we 

examined whether the impaired memory in RbAp48-DN DT mice could be due to altered 

neurogenesis in the hippocampus. We measured neurogenesis by performing 

immunohistochemistry and counting the numbers of cells expressing Ki67, a marker of 

proliferation, and DCX, a marker of developing newborn neurons, in the DG of 4-month-old 

DT and control mice (Fig. 3C). We found no differences in cell numbers between DT and 

control mice, indicating that neurogenesis is not affected in the hippocampus of DT animals. 

In addition, the memory of these mice returned to normal when they were switched to 

doxycycline-containing food in adulthood, showing that the memory deficits did not result 

from defective neurogenesis-related mechanisms.

We next examined the performance of the mice in the Morris water maze (36), a spatial 

memory task. Although this task can be performed normally by mice with subtle molecular 

defects in the DG, selective lesions of the DG cause memory impairment as measured by 

this task (37). The DT mice learned the task as well as their control siblings, as evident by 

their similar path lengths and escape latencies (time to find the platform) during the 

acquisition phase (Fig. 4A and fig. S4A). However, 1 day after the end of the acquisition 

phase, DT mice showed impaired memory; they exhibited a significant decrease in the 

number of times they crossed the location of the platform during a probe trial (Fig. 4A). 
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Comparison of noncognitive parameters (swim speed, floating, and thigmotaxis) revealed no 

differences between the groups (fig. S5). We also tested the mice in the transfer phase of the 

hidden platform version of the water maze. In this test, the platform was moved to the 

opposite quadrant, and the mice were tested for their ability to learn and remember the new 

platform location. Again, the DT mice had difficulty in forming a good memory of the new 

platform location; they explored the new training quadrant and crossed the platform location 

significantly less often than did the control animals in a probe trial 1 day after the end of 

training (Fig. 4A and fig. S4A). Control and DT animals on doxycycline (to inhibit 

transgene expression) showed no differences in the number of platform crossings (Fig. 4B 

and figs. S4B and S6).

 Memory deficits in RbAp48-DN mice and aged wild-type mice

We then tested whether the memory deficits in the young RbAp48-DN mice were similar to 

those seen in aged wild-type animals. We compared young (3.5 months) and aged (15 

months) wild-type mice with genetic backgrounds similar to those of RbAp48-DN animals 

(50% C57BL/6J and 50% 129SvEvTac). Aged mice displayed memory deficits for novel 

object recognition that were similar to those observed in young RbAp48-DN animals (Fig. 

3D; anxiety tests: fig. S3, A to C). In the Morris water maze, the aged mice displayed higher 

escape latencies than did young mice during training (that is, the aged mice needed more 

time to find the platform), but this was likely due to their lower swimming speed (figs. S4C 

and S7) (38, 39), because the path lengths were similar between the two groups of animals 

(Fig. 4C). In addition, by the end of training, the latencies of the aged mice had significantly 

decreased and reached a plateau, indicating that they learned the platform locations (fig. 

S4C). These data indicate that aged mice with genetic backgrounds similar to that of 

RbAp48-DN mice learned the platform locations in the Morris water maze as well as young 

animals. The aged mice, however, did not form a robust memory of the platform location in 

either the hidden or the transfer phase because they performed significantly worse than 

young mice during the probe trials (Fig. 4C and fig. S4C). Together, our data indicate that 

inhibition of RbAp48 in the forebrain of young (3.5 months) adult mice recapitulates 

cognitive defects characteristic of hippocampal aging in mice with similar genetic 

background.

 Effects of RbAp48-DN in the DG

We reasoned that if RbAp48 deficiency underlies age-related hippocampal dysfunction, 

inhibiting RbAp48 in young mice (3.5 months) should recapitulate the preferential 

dysfunction of the DG observed by fMRI in elderly mice, rhesus monkeys, and people (7, 9, 

10). To explore this idea, we used a variant of fMRI that maps regional cerebral blood 

volume (CBV), a hemodynamic correlate of metabolism that generates functional maps with 

high spatial resolution (8, 40) and that can pinpoint regional dysfunction within the 

hippocampus in mouse models (9, 41–43). Compared to control mice, mice expressing 

RbAp48-DN exhibited selective dysfunction in the DG (Fig. 5A). This dysfunction was 

reversed when the expression of RbAp48-DN was turned off in the adult forebrain by 

feeding the DT mice with doxycycline-containing food (Fig. 5A).
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 Effect of RbAp48-DN expression on histone acetylation in the DG

Because RbAp48 regulates histone acetylation, we explored whether RbAp48-DN affects 

steady-state histone acetylation using immunohistochemistry and image quantification 

analysis. Guided by our gene expression and fMRI findings, we initially focused on the DG 

and examined the acetylation of H4(Lys12) and H2B(Lys20). RbAp48 interacts with H4 (24), 

and AcH4(Lys12) is associated with age-related hippocampal dysfunction and memory loss 

in mice (23). RbAp48 also interacts with the phospho-CREB1–CBP (CREB-binding 

protein) complex and regulates the histone acetyltransferase (HAT) activity of CBP (17), and 

H2B(Lys20) is a target of CBP (44, 45). By comparing the DG of RbAp48-DN mice to 

controls, we found that inhibition of RbAp48 caused a reduction in acetylation of both 

H4(Lys12) and H2B (Lys20) (Fig. 5B). We also examined AcH3(Lys9), which is not involved 

in memory processes and not affected in the aged hippocampus (23), and found that 

AcH3(Lys9) was not altered in the DG of RbAp48-DN mice (Fig. 5C). To test for spatial 

specificity of these effects, we examined the CA1 subregion of the hippocampus and found 

no significant reduction in histone acetylation (Fig. 5, B and C). As with behavior and fMRI, 

the effect of RbAp48-DN on AcH2B(Lys20) and AcH4(Lys12) in the adult DG was reversed 

when its expression was turned off (Fig. 5B).

 Effect on memory of up-regulation of RbAp48 in the aged DG

Our data suggest that RbAp48 contributes to the DG-dependent molecular processes 

underlying memory function. If RbAp48 deficiency in the DG is linked to age-related 

deficits of hippocampus-dependent memory, then up-regulating RbAp48 in the DG of aged 

mice would ameliorate these deficits. Indeed, increasing RbAp48 in the DG of aged mice 

through lentiviral gene transfer (achieving a ~67% increase in protein abundance; Fig. 6A) 

significantly improved memory performance in both the novel object recognition and Morris 

water maze tasks (Fig. 6B and figs. S3D and S8) to a value comparable to that of wild-type 

young mice (compared with Figs. 3D and 4C). The improved memory was accompanied by 

an increase in the amount of AcH2B(Lys20) and AcH4(Lys12), but not AcH3 (Lys9), in the 

DG, consistent with our findings in RbAp48-DN mice (Fig. 6C).

The two forms of memory that improve with up-regulation of RbAp48 in the aged DG, 

namely, novel object recognition memory and spatial reference memory, are unaffected 

when neurogenesis is increased in the DG (46), consistent with a role of RbAp48 in memory 

and age-related memory loss independent of neurogenesis.

 Effect of RbAp48-DN expression in the forebrain on HAT activity of CBP

RbAp48 interacts with CREB1-dependent CBP and regulates its HAT activity (17), which is 

a critical component of memory (19). We therefore asked whether inhibiting RbAp48 in the 

young adult forebrain affects the HAT activity of CBP, and if so, whether such an effect 

occurs in aged mice. By carrying out CBP-specific immunoprecipitation from adult DG and 

CA3-CA1 protein lysates and then HAT assays, we found that the CBP HAT activity, but not 

the amount of CBP protein, was significantly lower in the DG of RbAp48-DN–expressing 

mice than in controls, whereas it was unaltered in the CA3-CA1 (Fig. 7A and fig. S9A). 

Selective reduction of CBP HAT activity in the DG was also observed in aged wild-type 
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mice, which was rescued upon lentivirus-mediated DG-specific up-regulation of RbAp48 

(Fig. 7, B and C, and fig. S9, B and C).

Take together, our data demonstrate that RbAp48 plays an important role in hippocampus-

related memory processes, and suggest a causal role of RbAp48 in cognitive aging.

 DISCUSSION

This investigation provides more direct and causal evidence for a fundamental difference 

between age-related memory loss and AD. We performed a microarray screen in the human 

DG, using expression levels in the EC to normalize the data and control for interindividual 

expression differences not related to aging. We identified age-related changes in 17 

transcripts and focused on one, an age-related decline in RbAp48, a molecule that previous 

studies have found to regulate histone acetylation and to interact with CBP (17). Because of 

the relatively low number of brains examined, we cannot rule out false-negative findings, 

and therefore, our analysis does not exclude the importance of genes found in other studies 

or in other regions (47). To explore the significance of RbAp48, we tested whether its 

expression also declines in aging wild-type mice and found a DG-selective deficiency in 

RbAp48 similar to that in human DG. These data indicate that an RbAp48 deficiency occurs 

in both the rodent and human DG in association with normal aging.

To further explore the significance of this finding, we turned to genetically engineered mice 

and validated that RbAp48 plays a causal role in driving age-related memory loss. We found 

that selective inhibition of RbAp48 in the forebrain of young mice recapitulates the 

cognitive and fMRI defects characteristic of hippocampal aging. Confirming RbAp48’s 

known role, we found that inhibition of RbAp48 caused a reduction in histone acetylation 

and that the effect was selective to the DG. The decrease in H4(Lys12) acetylation is in 

agreement with its recently identified association with age-dependent memory impairment in 

mice (23). The reduction of H2B(Lys20) acetylation is particularly interesting because 

previous studies in our laboratory have found that a deficiency in CBP causes Rubinstein-

Taybi syndrome and is associated with a decrease in H2B acetylation and hippocampal 

dysfunction (18). Indeed, RbAp48 interacts with CREB1-dependent CBP and regulates its 

HAT activity (17), a critical component in both explicit and implicit memory storage (19). 

Consistent with these findings, we saw DG-specific reduction of the HAT activity of CBP in 

the RbAp48-DN mice as well as in wild-type aged animals. Remarkably, increasing RbAp48 

abundance in the DG of aged mice reversed these effects, and this was accompanied by 

improved memory performance.

Our results suggest that RbAp48 activity is necessary in the DG for proper hippocampal 

function. Indeed, although we expressed RbAp48-DN in all hippocampal subregions, the 

presence of this dominant-negative form of the protein only affected the CBV and histone 

acetylation mechanisms in the DG. This regional specificity could be explained by the 

distinct molecular anatomy of hippocampal subregions, which may confer differential 

sensitivity to molecular changes. The observed DG-specific effects of RbAp48-DN might 

reflect a preferential vulnerability of memory processes in the DG to RbAp48 deficiency and 

indicate that its decline with age contributes to age-related hippocampal-based memory loss. 
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Our demonstration that up-regulation of RbAp48 in the aging DG ameliorated age-related 

hippocampal-dependent memory deficits supports this idea.

Together, our results have a number of implications. The specific deficiency of RbAp48 in 

the human hippocampal formation with age is consistent with earlier imaging studies 

showing age-associated patterns of hippocampal vulnerability. The validation in normal and 

in genetically engineered mice that RbAp48 plays a role in hippocampal-dependent memory 

and age-related memory loss confirms that this selective pattern occurs in people. By 

extension, our studies support the idea that age-related memory loss is a disorder 

independent of AD. Furthermore, because RbAp48 has not been implicated in previous AD 

studies, our findings provide further evidence that hippocampal dysfunction in AD and aging 

are driven by distinct pathogenic mechanisms.

Finally, our data suggest that RbAp48 mediates its effects, at least in part, through the PKA-

CREB1-CBP pathway, which we have earlier identified as being important for age-related 

memory loss in the mouse (48). This molecule and the PKA-CREB1-CBP pathway are 

therefore valid targets for therapeutic intervention. It has already been shown that agents that 

enhance the PKA-CREB1 pathway ameliorate age-related hippocampal dysfunction in 

rodents (48). Our results suggest that CREB1-enhancing drugs may have similar beneficial 

effects in aging humans.

 MATERIALS AND METHODS

 Study design

To identify molecular defects underlying age-related memory loss, we carried out a gene 

expression study on human postmortem tissue, free of histopathology. We examined 

expression in the DG, the subregion of the hippocampal formation thought to be the site of 

onset of age-related memory loss, and used as normalizer expression in the EC, a 

neighboring subregion unaffected by aging and known to be the site of onset of AD. We 

further explored the gene that showed the largest change limited to the DG and used mouse 

models to examine whether this change is causally linked to age-related memory loss.

The experimenter was blinded in all human and mouse studies. No outliers were detected or 

excluded. Male mice were used. In the transgenic mouse studies, the single tetO, single tTA, 

and wild-type (no transgene in the genome) control genotypes showed no differences and 

were pooled in the control group (table S3). On/off and on/off/on diet protocols were used in 

all studies. The mice were selected by a person not involved in the experiments, and in such 

a way that all genotypes, ages, and treatments were similarly represented in the experiments. 

Behavioral tasks were performed once for each group of mice. Behaviorally tested, virus-

injected animals were analyzed after the end of testing for the success of the injections by 

immunostaining and the following criteria: (i) specificity for DG and (ii) successful 

injections in both hemispheres. Mice that did not meet these criteria were excluded from the 

analysis. For histone acetylation and HAT assays, a different group of mice was used. 

Similar selection criteria were followed. For histone acetylation assays, the selection was 

made with immunohistochemistry, whereas for HAT assays, it was made with Western blot 

analysis of a fraction of the protein lysates used for the assays.
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 Human gene expression profiling

Eight brains, free of histopathology, were obtained at autopsy under a protocol approved by 

Columbia University’s review board. The DG and EC were identified and sectioned with 

strict anatomical criteria, following the New York Brain Bank procedures. Total RNA was 

extracted with TRIzol and RNeasy column (Invitrogen). RNA (10 μg) and T7-(dT)24 primer 

were used for double-stranded complementary DNA (cDNA) synthesis (SuperScript, 

Invitrogen). In vitro transcription with biotin-labeled ribonucleotides produced 

complementary RNA (cRNA) probes (ENZO Life Sciences; ENZ-42655-40). HG-U133A 

Affymetrix microarrays were hybridized with fragmented cRNA for 16 hours at 45°C with 

constant rotation (60g). Microarrays were analyzed with Affymetrix Mcroarray Suite v5.0 

and GeneSpring v5.0.3 (Silicon Genetics) software, and scaled to a value of 500. Samples 

with a 3′/5′ ratio of control genes ACTIN and GAPDH greater than 7 were excluded from 

analysis. We excluded transcripts whose detection levels had a P value greater than 0.05, 

yielding a final data set of 6565 transcripts. Guided by a spatiotemporal pattern of 

hippocampal dysfunction that distinguishes aging from AD (15, 16), expression levels from 

the DG were normalized to levels in the EC and then correlated with age. In a secondary 

analysis, bivariate Pearson’s correlations were performed for transcripts of interest within 

each the DG and EC, and transcripts that showed a significant age-associated effect in the 

EC were removed from the final list of “hits” (Table 1).

 Western blot analysis

Human hippocampal subsections were lysed in 20 mM tris-HCl (pH 7.9), 150 mM NaCl, 

5% NP-40, 1 mM EDTA, 10 mM 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF), and 

Protease Inhibitor Mixture (Roche). Mouse hippocampi and subregions were lysed in 50 

mM tris-HCl (pH 7.4) and 2% SDS buffer. Ten to 20 μg (mouse) and 40 μg (human) of 

lysates were separated by SDS-polyacrylamide gel electrophoresis and transferred to 

polyvinylidene difluoride membranes (Bio-Rad). Membranes were blocked in 5% milk in 50 

mM tris-HCl (pH 7.4), 0.9% NaCl, and 0.1% Tween 20. In human studies, immunoblots 

were analyzed with the Odyssey Infrared Imaging System (LI-COR Biosciences). In mouse 

studies, SuperSignal (Pierce) and ECL Plus reagents (Amersham) were used for 

visualization; the ImageQuant software was used for quantification. Anti-RbAp48 antibodies 

were from GeneTex (GTX70232) and Thermo Scientific (PA1-869). Anti-Flag antibody was 

from Sigma (F3165).

 Generation of transgenic mice

The Flag-RbAp48-DN coding sequence was amplified by polymerase chain reaction (PCR) 

and subcloned into the pMM400 plasmid (32) (see table S2 for the oligonucleotides used for 

the PCR cloning). Linearized tetO–Flag–RbAp48-DN transgene was injected into pronuclei 

of one-cell C57BL/6-CBA(J) F2 oocytes, which were transferred via the oviduct into 

pseudopregnant foster females. Founder animals were genotyped with Southern blots for 

tetO.
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 Maintenance and genetic background of mice

Mice were maintained under standard conditions approved by the Institutional Animal Care 

and Use Committee. To control for genetic background, we followed the recommendations 

made by the Banbury conference on genetic background in mutant mice (49). The tetO–
Flag–RbAp48-DN mice (backcrossed at least six times to C57BL/6J background) were bred 

with CaMKIIα-tTA mice (backcrossed 16 to 18 times to 129SvEvTac background). 

Offspring were genotyped with Southern blots for tetO and tTA. For regulating tetO-driven 

gene expression, mice were fed chow supplemented with doxycycline (40 mg/kg) (Mutual 

Pharmaceutical). Wild-type mice used in our experiments also were F1 hybrids (50% 

C57BL/6J and 50% 129SvEvTac).

 Radioactive RNA in situ hybridization

Radioactive RNA in situ hybridization was performed as described (32). After hybridization, 

the brain slices were dehydrated and exposed on x-ray film for 2 weeks. See table S2 for 

oligonucleotide/probe sequences.

 Reverse transcription polymerase chain reaction

Reverse transcription PCR was performed as described (32). To clone the mouse RbAp48 

cDNA, we subjected 5% of reverse transcriptase to 35 PCR cycles with RbAp48-sprecific 

primers (table S2).

 HAT assays

Kit from Millipore was used (17–284). Anti-CBP antibody (Santa Cruz Biotechnology; 

sc-7300) was used for the immunoprecipitations (6 μg). DG (400 μg) and CA3-CA1 clear 

lysates (800 μg) (supernatants after centrifugation at 14,000 rpm for 10 min) were used as 

immunoprecipitation input.

 Immunohistochemistry

Immunohistochemistry was performed as described (32). Anti-acH2B(Lys20), anti-

acH3(Lys9), and anti-acH4(Lys12) antibodies were from Cell Signaling Technology (2571, 

9671, and 2591, respectively). The MetaMorph software (Molecular Devices) was used for 

quantification. For DCX (Millipore; AB2253), NeuN (Millipore; MAB377), and Ki67 

(Abcam; ab15580) immunohistochemistry, serial coronal sections (30 μm) along the entire 

rostrocaudal extension of the hippocampus were cut on a vibratome and stored in 0.1 M tris 

(pH 7.4), 30% ethylene glycol, and 30% glycerol at −20°C until further processed. 

Immunohistochemistry was performed on every fifth section, starting from −1.58 mm from 

bregma.

 Behavior

The behavioral tasks have been described (32). The elevated plus maze data were evaluated 

with ANOVA, with the genotype as the between factor and the arm (open and enclosed) as 

the within factor. ANOVA with the genotype as the between factor and the center of the 

arena as the within factor was used for the analysis of the open field data. The Morris water 

maze consisted of three phases: (i) 2 days of the mouse searching for a visible platform (four 
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trials per day), (ii) 8 days with a hidden platform in quadrant 3 (one trial per day; 4 days per 

week), and (iii) 8 days with the hidden platform in quadrant 1 (one trial per day; 4 days per 

week). Probe trials lasted 1 min. Statistical analyses used ANOVAs with genotype as the 

between-subject factor and day or area (quadrant or crossing during the probe trials) as the 

within-subject factor. In the novel object recognition, the mice were habituated in the arena 

for 15 min for three consecutive days. On the following day, the training session lasted 10 or 

15 min. Testing phases lasted 5 min. The same novel and familiar objects were used in all 

tests. The discrimination index was determined by the difference in exploration time 

expressed as a ratio of the total time spent exploring the two objects.

 Functional magnetic resonance imaging

Mice images were acquired with a Bruker AVANCE 400WB spectrometer outfitted with an 

89-mm-bore, 9.4-T vertical Bruker magnet (Oxford Instruments Ltd.), a 30–mm–inside 

diameter birdcage RF probe, and a shielded gradient system (100 G/cm) before and 37.5 min 

after intraperitoneal injections of the contrast agent gadolinium (10 mmol/kg). As previously 

described (8), CBV maps were derived from gadolinium-enhanced T2-weighted images 

acquired with a fast-spin echo acquisition (time to repeat, 2000 ms; time to echo, 70 ms; in-

plane resolution, 86 μm; slice thickness, 500 μm).

 Lentiviral injections in the DG

The HA-RbAp48 cDNA was subcloned into the pFUGW-GFP plasmid (Addgene; 14883), 

replacing the coding sequence of GFP. pFUGW-GFP was used for generating control 

lentiviruses. The lentivirus production has been described (32). Lentiviral aliquots (1.5 μl) (2 

× 109 infectious units/ml) were injected into the DG (0.375 μl/min). Stereotactic coordinates 

were as follows: anteroposterior (−1.85 mm) and mediolateral (±1.25 mm) from bregma, 

and dorsoventral (−1.90 mm) from brain surface (Paxinos Mouse Brain Atlas). Fourteen-

month-old mice were injected and subjected to behavioral tasks or HAT and histone 

acetylation assays 4 weeks later.

 Statistics

Statistics were performed with IBM SPSS 19.0 (microarray and fMRI) and StatView (SAS 

Institute; all the other mouse studies) software. For microarray analysis, the expression 

levels from the DG were normalized by levels in the EC and then correlated with age. 

Bivariate Pearson’s correlations were performed for transcripts of interest within each 

region. For all the other studies, repeated-measures ANOVA, ANOVA, and t tests were used 

as indicated. Scheffé test was the post hoc analysis. The results are presented as means ± 

SEM. Statistical significance was set at P < 0.05.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. RbAp48 deficiency in the aging human hippocampal formation
(A) RbAp48 gene expression over life span in (a) the DG showing a decline (β = −0.77, P = 

0.026) and (b) the EC (β = 0.07, P = 0.87) showing no decline. (c) DG/EC ratio of RbAp48 

declines with age (β = −0.94, P = 0.0005) (n = 8). (B) RbAp48 protein in separate group of 

brains (n = 10). RbAp48 protein levels decline over the life span (a) in the DG (β = −0.72, P 
= 0.02), but not (b) in the EC (β = 0.13, P = 0.71). (c) DG protein expression normalized to 

EC protein expression. In (A) and (B), each data point corresponds to one human subject 

and microarray experiment. (C) Human subjects used in the studies. (D) Representative 

Western blot showing RbAp48 levels in a young and an old sample. SUB, subiculum; ACT, 

actin (control; data from DG are shown).
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Fig. 2. Generation and characterization of DT mice expressing RbAp48-DN in the forebrain
(A) (Left) Radioactive in situ hybridization of RbAp48 mRNA on a sagittal brain slice from 

adult wild-type (WT) mice (3.5 months). (Right) High magnification of left image showing 

RbAp48 mRNA in the hippocampus (hp). See table S2 for hybridization probe sequence 

(oligo1). (B) Representative Western blot (different mouse in each lane) and averaged values 

below. RbAp48 values were normalized to tubulin values from the same mouse, and data 

from all mice were averaged and expressed as fold difference change in aged mice (15 

months) compared to young mice (3.5 months) ± SEM. RbAp48 is reduced in the DG of 

aged mice compared to young mice (*P = 3.2 × 10−8). n = 24 per age (six mice per age; four 

independent experiments). (C) (a) Schematic representation of doxycycline (dox)–regulated 
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expression of Flag–RbAp48-DN in the forebrain. In DT mice that carried the tetOpromoter–
RbAp48-DN and the CaMKIIαpromoter-tTA transgenes, the heterologous transactivator tTA 

bound to the tetO promoter and activated RbAp48-DN expression only in the forebrain 

where the CaMKIIα promoter is active. Maintaining the DT mice on doxycycline-containing 

food inhibits RbAp48-DN transcription because doxycycline prevents the binding of the tTA 

to the tetO promoter. (Right) RbAp48-DN mRNA in sagittal brain sections from adult (day 

P95) DT animals with no doxycycline treatment after day P40 (transgene ON; on/off dox 

diet) or with doxycycline treatment after day P80 to inhibit the transgene expression 

(transgene OFF; on/off/on dox diet). (b) Diet protocols for DT mice and control littermates 

used in all studies. (c) Western blot analysis of RbAp48-DN (anti-Flag) and endogenous 

RbAp48 in the hippocampus of 95-day-old mice. DT on dox, DT mouse treated with 

doxycycline (RbAp48-DN OFF); DT, mouse not fed with doxycycline in adulthood 

(RbAp48-DN ON); Control, tetO–RbAp48-DN single transgenic mouse. RbAp48-DN is 

detected only in DT. Four independent experiments gave similar results. (D) Confocal 

hippocampal images from adult (3.5 months) DT mouse and tetO–RbAp48-DN (tetO) single 

transgenic animal (control). (Insets) High-magnification DG images. (E) Binding of 

RbAp48 to histone 4 (H4). (a) Representative Western blots showing RbAp48 level in adult 

(3.5 months) hippocampal lysates before (input; left) and after (right) 

coimmunoprecipitation (IP) with anti-H4 antibody. Immunoprecipitated H4 is also shown 

(right). DT, RbAp48-DN–expressing mouse; ctl, control littermates. (b) Representative 

Western blots of immunoprecipitated H4 and coimmunoprecipitated RbAp48 from adult (3.5 

months) hippocampal lysates from DT mice kept on doxycycline-containing food (RbAp48-

DN OFF) and control littermates kept on or off dox in adulthood. IgG and beads: controls 

for the specificity of the anti-H4 immunoprecipitations. (Graphs) Averaged data (mean ± 

SEM). (a) DT: n = 4, ctl: n = 6 (tetO = 2, tTA = 2, WT = 2); (b) DT on dox: n = 3; ctl on 

dox: n = 3 (tetO = 1, tTA = 1, WT = 1). One experiment per mouse. The values of RbAp48 

level after the anti-H4 immunoprecipitation were normalized to the H4 values from the same 

mouse, and data from all mice were averaged and expressed as fold difference change in DT 

compared to controls in (a) and fold difference change in DT on dox and controls on dox 

compared to controls off dox in (b). Significant difference was found between DT and 

controls in (a) [*P = 2 × 10−6, analysis of variance (ANOVA)].
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Fig. 3. Effect of RbAp48-DN in the adult forebrain on object recognition memory
Data from novel object recognition task (mean ± SEM; one experiment). (A) Mice kept off 

doxycycline during the task. (a) Fifteen-minute training [DT: n = 11; control: n = 22 (tetO = 

6, tTA = 8, WT = 8)]. DT (RbAp48-DN ON) mice performed worse than did controls during 

the 48-hour memory test (genotype × test effect: P = 0.0077, repeated-measures ANOVA; P 
= 0.0001, t test). (b) Ten-minute training [different groups of mice; DT: n = 12; control: n = 

12 (tetO = 5, tTA = 4, WT = 3)]. DT mice performed worse than did controls in the 24-hour 

memory test (genotype × test effect: P = 0.0158, repeated-measures ANOVA; P = 0.0023, t 
test). (B) Animals kept on doxycycline during the task (mean ± SEM; one experiment). (a) 

Fifteen-minute training [DT: n = 10; control: n = 17 (tetO = 5, tTA = 5, WT = 7)]. (b) Ten-
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minute training [different groups; DT: n = 12; controls: n = 21 (tetO = 7, tTA = 7, WT = 7)]. 

DT on dox (RbAp48-DN OFF) and Control on dox displayed similar performance (P > 0.2, 

repeated-measures ANOVA). (C) Confocal images (30 μm) showing immunostaining 

against doublecortin (DCX) and Ki67 in the DG of 4-month-old RbAp48-DN–expressing 

(DT) and control mice. Graphs: Averaged data (±SEM). The numbers of DCX-and Ki67-

expressing cells in DT and controls were similar (P > 0.5, ANOVA). DT: n = 24 (six mice; 

four slices per mouse) and controls: n = 24 [6 mice (tetO = 2, tTA = 2, WT = 2); four slices 

per mouse]. NeuN, marker of mature neurons. (D) Data from novel object recognition (mean 

± SEM; one experiment). Young (3.5 months) and aged (15 months) WT mice. (a) Fifteen-

minute training (n = 8 mice per age). Aged mice showed lower performance than did young 

mice in the 48-hour memory test (age × test effect: P = 0.0052, repeated-measures ANOVA; 

P = 0.0002, t test). (b) Ten-minute training (different group; n = 10 per age). Aged mice did 

not form 24-hour memory (age × test effect: P = 0.0021, repeated-measures ANOVA; P = 

0.01, t test). *P = 0.01, **P = 0.0023, ***P < 0.0003 (A, B, and D). See table S3 for detailed 

statistics.
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Fig. 4. Effect of RbAp48-DN in the adult forebrain on spatial memory
Mice tested in the Morris water maze. (Left) Path lengths (mean ± SEM) for mice to reach 

the platform over the days of training. (Right) Number of platform crossings (mean ± SEM) 

during probe trials 1 day after the end of training. In the probe trial, the platform was 

removed from the pool and the mice swam for 1 min. The number of times that the mice 

cross the platform location in the training quadrant (TQ; the quadrant of the pool where the 

platform was during training) indicates the strength of their spatial memory. (a) Visible and 

hidden platform versions of the task. (b) Transfer phase of the task (the mice are trained to 

learn a new hidden platform location). The green schematics depict the quadrants of the 

pool, and the small circle in them depicts the platform locations. (A) DT and control mice 
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kept off doxycycline in adulthood [same mice as in Fig. 3A (a); DT: n = 11 and control: n = 

22 (tetO = 6, tTA = 8, WT = 8); one experiment]. No differences were observed between DT 

and controls [P > 0.137, repeated-measures ANOVA for visible (a), hidden/acquisition (a), 

and hidden/transfer (b)]. In the probe trials (right), DT displayed significantly lower 

performance than did controls [repeated-measures ANOVA, quadrant × genotype effect: P = 

0.04 (a) and P = 0.03 (b); t test in training quadrant: P = 0.017 (a) and P = 0.035 (b)]. (B) DT 

and control groups treated with doxycycline in adulthood [same mice as in Fig. 3B (a); DT 

on dox: n = 10 and control: n = 17 (tetO = 5, tTA = 5, WT = 7); one experiment]. No 

differences were observed (repeated-measures ANOVA; visible/hidden-acquisition/hidden-

transfer: P > 0.16; probe trials: P > 0.34). (C) Young adult (3.5 months) and aged (15 

months) WT mice (n = 14 per age; one experiment). Groups showed similar path lengths 

during training [P > 0.1, repeated-measures ANOVA for (a) and (b)]. During the probe trials, 

aged mice crossed the platform location significantly less often than did young animals 

[repeated-measures ANOVA, age × quadrant effect: P = 0.0003 (a) and P = 0.0002 (b); t test 

for training quadrant: P = 0.0015 (a) and P = 0.002 (b)]. *P < 0.036; **P < 0.0021. See table 

S3 for detailed analysis.
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Fig. 5. RbAp48-DN in the DG
(A) (Left) Individual examples of CBV maps of the hippocampal formation [EC, DG 

(circle), CA3-CA1, and subiculum (SUB)], generated with MRI, in DT mice on or off dox in 

adulthood and respective control siblings. The CBV maps are color-coded such that cooler 

colors reflect less basal metabolism. (Right) Group data analysis (mean ± SEM) of relative 

CBV (rCBV) (DT off dox: n = 9, controls off dox: n = 19, DT on dox: n = 12, controls on 

dox: n = 15; one measure per subregion per mouse). Selective decrease in rCBV of DG in 

DT off dox (F = 6.3, P = 0.019). (B) Immunohistochemistry (top) and quantification (mean 

± SEM) (bottom) of AcH2B(Lys20) and AcH4(Lys12). Their levels were significantly 

reduced in the DG of DT off dox (comparisons with controls off dox and controls and DT on 

dox; P < 0.003, ANOVA). AcH2B(Lys20): DT off dox: n = 27 slices (five mice), DT on dox: 
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n = 15 slices (three mice), controls off dox: n = 45 slices (seven mice), controls on dox: n = 

15 slices (four mice). AcH4(Lys12): DT off dox: n = 44 slices (five mice), DT on dox: n = 15 

slices (three mice), controls off dox: n = 52 slices (seven mice), controls on dox: n = 11 

slices (four mice). (C) Immunohistochemistry (left) and quantification (mean ± SEM) (right) 

of AcH3(Lys9). No differences were observed (P > 0.42, ANOVA). DT off dox: n = 16 slices 

(five mice), controls off dox: n = 28 slices (seven mice). Mice on dox were not analyzed 

because no difference was detected in mice off dox. (Insets) High-magnification DG images. 

(B and C) See tables S1 and S3 for detailed analysis. *P < 0.05; **P < 0.01.
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Fig. 6. Effect of RbAp48 up-regulation in the DG on histone acetylation and age-related memory 
loss
(A) (a) Schematic representation and confocal images of the hippocampi from WT aged 

mice (15 months) expressing DG RbAp48-HA (hemagglutinin) or green fluorescent protein 

(GFP) (control) via lentiviral injections. (Insets) High-magnification DG images. (b) 

Western blot showing DG-specific expression of RbAp48-HA and GFP. RB1 to RB3 and 

GFP1 to GFP3 indicate the numbers of RbAp48-HA– and GFP-injected mice. (c) Western 

blot and averaged data (±SEM) of total RbAp48. n = 9 measures per virus (three mice per 

virus; three independent blots). Significant increase of RbAp48 in the DG of RbAp48-HA 

mice compared to GFP controls (F1,16 = 22.584; *P = 0.0002, ANOVA). RbAp48 level in 

CA3-CA1 was similar between the two groups (F1,16 = 0.397; P = 0.7357, ANOVA). (B) 
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Data from novel object recognition (a) and the Morris water maze (b) (mean ± SEM; one 

experiment for each task). (a) RbAp48-HA–injected aged mice (15 months; n = 12) 

performed better than GFP-injected age-matched littermates (n = 10) during the 24-hour 

memory test (injection × session effect: P = 0.0192, repeated-measures ANOVA; P = 0.0275, 

t test). (b) (Top) Both groups performed similarly during training in all phases of the water 

maze (repeated-measures ANOVA; visible: P = 0.36; acquisition: P = 0.0703; transfer: P = 

0.6996). (Bottom) RbAp48-HA mice performed better than GFP controls during probe trials 

1 day after at the end of training (repeated-measures ANOVA; injection × quadrant effect; 

acquisition: P = 0.0094, t test for training quadrant: P = 0.0133; transfer: P = 0.0443, t test 

for training quadrant: P = 0.016). *P < 0.03. (C) Immunohistochemistry and quantification 

(mean ± SEM) of acetylated histones. AcH2BK20 and AcH4K12 levels were significantly 

increased in the DG of RbAp48-HA–injected aged mice compared to GFP-injected siblings 

(*P < 0.0015, ANOVA). AcH3K9 remained unaltered in DG and CA3-CA1 (P > 0.095, 

ANOVA). n = 12 slices per virus (three mice per virus; four slices per mouse). See tables S1 

and S3 for detailed analysis.

Pavlopoulos et al. Page 26

Sci Transl Med. Author manuscript; available in PMC 2016 July 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 7. Effect of expression of RbAp48-DN in the forebrain on CBP HAT activity
Averaged HAT activity (±SEM) of CBP immunoprecipitated from DG and CA3-CA1 lysates 

expressed as fold difference from IgG control immunoprecipitations. (Insets) Raw data 

acquired from HAT assays [3H counts per minute (CPM)]. (A) Assays in DT mice (3.5 

months) and control littermates kept off doxycycline or doxycycline in adulthood. DT, DT 

off dox; Control, control off dox. n = 9 measurements per genotype per treatment (three 

measurements per immunoprecipitation per mouse; three mice per genotype per treatment). 

Significantly reduced CBP HAT activity in the DG of DT compared to all other groups (P < 

0.0005, ANOVA). (B) Young (3.5 months) and aged (15 months) WT mice. n = 12 

measurements per age (three measurements per immunoprecipitation per mouse; four mice 

per age). Significantly reduced CBP HAT activity in the DG of aged mice (P = 0.0006, 

ANOVA). (C) WT aged mice (15 months) virally expressing in DG RbAp48-HA (RbAp48 

up-regulation in DG) or GFP (control). n = 9 measurements per virus (three measurements 

per immunoprecipitation per mouse; three mice per virus). CBP HAT activity was 

significantly increased in the DG of RbAp48-HA mice compared to GFP controls (P = 

0.0001, ANOVA). *P < 0.0006. For detailed analysis, see table S3.
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Table 1
Transcripts that decrease or increase with age in the DG in humans

Summarized data from microarray analysis.

Name GenBank accession no. Correlation coefficient P

Negative correlations

 RbAp48 X71810.1 −0.94 0.0005

 Proteasome subunit β type 7 NM_002799 −0.92 0.001

 Mature T cell proliferation 1 Z24459 −0.89 0.003

 Pleiotrophin BC005916 −0.88 0.004

 Cullin 5 BF435809 −0.88 0.004

 Cadherin 11 D21254 −0.88 0.004

 Hypothetical protein SBBI67 NM_020393.1 −0.87 0.005

 Chaperonin-containing TCP1 NM_006431 −0.87 0.005

 Nucleoside-diphosphate kinase NM_003551 −0.87 0.005

Positive correlations

 RECQL (DNA helicase) AI685944   0.93 0.0007

 DnaJ homolog, subfamily C, member 4 AW024467   0.93 0.0009

 RAB11B (RAS oncogene family) AL575337   0.92 0.001

 Dematin NM_001978   0.92 0.001

 Topoisomerase-related function protein 4 NM_006999   0.89 0.003

 ClpX caseinolytic protease X homolog NM_006660   0.87 0.005

 Oxidized low-density lipoprotein receptor 1 AF035776.1   0.87 0.005

 Box polypeptide 21 NM_004728.1   0.87 0.005
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