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Abstract

Abnormal accumulation of TDP-43 into cytoplasmic or nuclear inclusions with accompanying 

nuclear clearance, a common pathology initially identified in amyotrophic lateral sclerosis (ALS) 

and frontotemporal dementia (FTD), has also been found in Alzheimer’ disease (AD). TDP-43 

serves as a splicing repressor of nonconserved cryptic exons and that such function is 

compromised in brains of ALS and FTD patients, suggesting that nuclear clearance of TDP-43 

underlies its inability to repress cryptic exons. However, whether TDP-43 cytoplasmic aggregates 

are a prerequisite for the incorporation of cryptic exons is not known. Here, we assessed 

hippocampal tissues from 34 human postmortem brains including cases with confirmed diagnosis 

of AD neuropathologic changes along with age-matched controls. We found that cryptic exon 

incorporation occurred in all AD cases exhibiting TDP-43 pathology. Furthermore, incorporation 

of cryptic exons was observed in the hippocampus when TDP-43 inclusions was restricted only to 

the amygdala, the earliest stage of TDP-43 progression. Importantly, cryptic exon incorporation 

could be detected in AD brains lacking TDP-43 inclusion but exhibiting nuclear clearance of 

TDP-43. These data support the notion that the functional consequence of nuclear depletion of 

TDP-43 as determined by cryptic exon incorporation likely occurs as an early event of TDP-43 

proteinopathy and may have greater contribution to the pathogenesis of AD than currently 
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appreciated. Early detection and effective repression of cryptic exons in AD patients may offer 

important diagnostic and therapeutic implications for this devastating illness of the elderly.
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Introduction

TDP-43 neuronal and glial inclusions have unified FTD and ALS neuropathologically into 

one disease spectrum [22]. Moreover, missense mutations in TDP-43 are also linked to 

familial ALS, strongly supporting the idea that TDP-43 proteinopathy is central to the 

pathogenesis of sporadic disease [15, 24]. As a member of heterogeneous ribonucleoproteins 

(hnRNPs), TDP-43 is thought to play roles in regulating RNA splicing, stability, and 

transport through its RNA-recognition domains [5]. Initial studies suggest that TDP-43 may 

regulate alternative splicing of a subset of conserved exons [23, 27]. Recent studies indicate 

of TDP-43 binds to UG dinucleotide repeat and represses the splicing of nonconserved 

cryptic exons [18, 25]. When TDP-43 is depleted, nonconserved cryptic exons are spliced 

into messenger RNA, often introducing frameshifts and/or premature stop codons, 

promoting nonsense-mediated decay of target RNAs. Coupled with the finding that 

polypyrimidine track-binding protein 1 (PTBP1) and polypyrimidine track-binding protein 2 

(PTBP2) repress cryptic exons by utilizing CU dinucleotide repeat, TDP-43 represents the 

founding member of this unique class of microsatellite binding cryptic exon repressors [17]. 

Importantly, TDP-43’s role in repressing nonconserved cryptic exons has been maintained 

across evolution and nonconserved cryptic exon incorporation was readily observed in 

postmortem brain tissues from ALS and FTD patients [18], suggesting that this splicing 

defect is one mechanism underlying TDP-43 proteinopathy.

While extracellular neuritic β-amyloid (Aβ) plaques and intracellular tau neurofibrillary 

tangles (NFTs) are well-recognized canonical hallmarks for Alzheimer’s disease (AD), 

TDP-43-positive inclusions have recently been identified in 30–70% of brains with 

pathologically diagnosed AD [3, 13]. The morphological characteristics of the TDP-43 

deposition are similar across different regions of the brain, predominantly neuronal 

cytoplasmic inclusions; less commonly dystrophic neurites and only rarely intranuclear 

inclusions [11]. However, the TDP-43 burden in AD appears to follow a stereotypic 

topographic progression [10, 11]. The abnormal TDP-43 accumulation in neuronal 

cytoplasm, neurites, or nucleus starts in the amygdala, then moves to the entorhinal cortex 

and subiculum, subsequently to the dentate fascia of the hippocampus and occipitotemporal 

cortex, then to limbic as well as brainstem regions, and finally to basal ganglia and middle 

frontal cortex. Importantly, greater cognitive impairment and medial temporal atrophy are 

associated with greater TDP-43 burden and more extensive TDP-43 distribution [12, 14]. 

TDP-43 pathology-positive subjects are 10 times more likely to be cognitively impaired at 

death compared to TDP-43-pathology negative cases. However, how the TDP-43 effects on 

cognition and brain atrophy are mediated are not known. We speculate that loss of TDP-43’s 
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ability to repress cryptic exons may contribute to this exacerbated cognitive decline in AD 

cases exhibiting TDP-43 pathology. It is possible that the nuclear depletion of TDP-43 rather 

than its cytoplasmic aggregates contributes to disease pathogenesis. In our initial attempt to 

address this important question, we screened postmortem brain tissues to determine whether 

TDP-43 repression of nonconserved cryptic exons are impaired in AD brains.

Materials and methods

Study design and participants

The brain bank at Johns Hopkins Brain Resource Center database from 2000 to May 2006 

was searched for cases with AD neuropathologic change and adequate frozen tissue 

available from the dentate gyrus region of the hippocampus for additional molecular and 

histologic studies. All AD subjects had been prospectively recruited and followed in the 

Johns Hopkins Alzheimer’s Disease Research Center (ADRC) between 1986 and 2016 and 

had undergone a clinical evaluation by a dementia specialist, completed neuropsychological 

testing and were determined to be cognitively impaired before death. All AD cases fulfilled 

the following inclusion criteria: (1) age over 65 years old, (2) less than 24 hour postmortem 

interval (PMI) between the times of death and tissue collection, (3) no mixed co-morbid 

conditions such as Lewy body disease and tauopathies. All control cases, in addition to 

satisfying the above age and PMI criteria, had no medical history of neurodegenenative 

diseases and no significant pathological findings in the brain except hypoxic-ischemic 

changes as confirmed by both histologic examination and immunohistochemical staining 

with Aβ, phospho-tau, synuclein, TDP-43, and ubiquitin antibodies. This study was 

approved by the Johns Hopkins Medicine IRB. All patients or their proxies provided written 

informed consent before participating in any research activity.

Neuropathological examinations

Neuropathological examinations were performed according to National Institute on Aging–

Alzheimer’s Association (NIA-AA) guidelines [9, 20]. Every specimen was assigned an 

“ABC” score that incorporates histopathologic assessments of amyloid β deposits (A) using 

a modified version of Thal phases of Aβ accumulation[26], Braak neurofibrillary tangle 

stage (B) using a modified Bielschowsky silver stain[4], and neuritic plaque scoring (C) 

using CERAD recommendations [19].

RT-PCR of Cryptic Exon Targets

Total RNA was extracted from human brain tissue using Trizol (Invitrogen). cDNA was 

synthesized using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific, K1622). 

Cryptic exons in GPSM2 and ATG4B were amplified using the primers described 

previously[18].

For GPSM2 cryptic exon:

PCR reactions were performed using Dream Taq Green PCR Master Mix (2X) (Thermo 

Scientific, K1081) with the following protocol:

Initial Denaturation: 95°C for 60s
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45 Cycles: 95°C for 30s

60°C for 30s

72°C for 30s

Final Extension: 72°C for 5min

For ATG4B cryptic exon:

PCR reactions were performed using Phusion High-Fidelity DNA Polymerase (NEB, 

M0530S) with the following protocol:

Initial Denaturation: 98°C for 60s

45 Cycles: 98°C for 8s

63°C for 12s

72°C for 30s

Final Extension: 72°C for 7min

For HDGFRP2 cryptic exon, the following primers were used in this study:

HDGFRP2-F: CTGCGCTAAAGATGTCGGTCT

HDGFRP2-R: TGCTTCCCTCCCTTCTGATGC

PCR reaction was performed using Phusion High-Fidelity DNA Polymerase (NEB, 

M0530S) with the following protocol:

Initial Denaturation: 98°C for 30s

35 Cycles 98°C for 8s

68°C for 12s

72°C for 15s

Final Extension: 72°C for 7min

PCR products were then analyzed by gel electrophoresis, excised, and extracted using the 

Monarch DNA Gel Extraction Kit (NEB, #T1020S). Sanger sequencing was performed with 

the 3730xl DNA Analyzer (Applied Biosystems). The sequencing data was aligned using 

UCSC Blast to ensure that the amplified product originated from cryptic exon splicing.

Immunofluorescence Staining

Formalin-fixed paraffin embedded tissue sections were deparaffinized in xylene, rehydrated 

by immersion in a descending series of ethanols. Antigen retrieval was performed using a 

microwave for 3 min in 10mM citrate buffer solution (pH 6.0). Tissue was incubated for one 

hour with blocking solution (3% goat serum, 1× TBS and 0.3% Triton X), incubated 

overnight with primary antibodies (rabbit polyclonal anti-TDP-43, 1:200, Proteintech, 

Rosemont, IL; anti-NeuN, 1:200, Abcam, Cambridge, MA), subsequently incubated for 1 h 

with secondary Alexa Fluor 488 goat-anti-rabbit or Alexa Fluor 594 goat-anti mouse (1:200, 

Jackson Immunoresearch, West Grove, PA) and counterstained with DAPI (Pierce). Sections 

were mounted and cover slipped with ProLong Gold antifade reagent (Invitrogen). Images 

were obtained using an Olympus BX51 fluorescent microscope with FITC, Texas Red, and 

DAPI filters. To visualize co-localization, images from each filter were layered in 
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Photoshop. The tester who performed the visual scan was blind to the cryptic exon status. 

Nuclear clearance of TDP-43 was considered when the TDP-43 nuclear staining intensity 

was less than one-tenth of the average TDP-43 nuclear staining intensity from ten randomly 

selected neurons on the same section.

In order to unambiguously demonstrate the nuclear clearance of TDP-43 and lack of any 

nuclear or cytoplasmic inclusion bodies in multiple neurons, a 3-D video was constructed 

from z-stack images captured on confocal microscope (Zeiss LSM 700; NIH Award S10 

OD016374). Z stack images were set at 0.335 μm thickness capturing a total depth of 9.06 

μm using a 63x/1.4 PanApo oil objective. Imaris software version 7.72 was used to 

reconstruct 3D video form the z-stack images.

Immunohistochemistry

Immunohistochemical staining was performed with primary antibodies recognizing N-

terminal TDP-43 (rabbit antibody 10782-2-AP, 1:2000, Proteintech, Rosemont, IL) or 

phosphorylated TDP-43 (monoclonal antibody pS409/410, 1:1000, Cosmo Bio, Carlsbad, 

CA). Antigen retrieval was performed using a microwave for 3 min in 10mM citrate buffer 

at pH 6.0. To calculate the number of neurons with nuclear clearance of TDP-43, three 

representative high-power field views of the dentate gyrus region for each case were selected 

and only cells with unambiguously neuronal morphology were counted. The ratio was 

calculated as the number of neurons with nuclear clearance over the total number of neurons 

in the same high-power field.

Results

To explore the contribution of depletion of TDP-43 in AD cases, we examined a cohort of 

AD brains: nine cases with low level (ages ranging from 68–96 years old, median age 84 

years old), nine cases with intermediate level (ages ranging from 74–101 years old, median 

age 86 years old), and eight cases with high level AD (ages ranging from 66–94 years old, 

median age 83 years old) neuropathologic changes according to the NIA-AA guidelines [20] 

as well as eight age-matched controls (ages ranging from 67–94 years old, median age 70.5 

years old, Table 1). Cases were selected to exclude co-morbid conditions such as Lewy body 

disease and tauopathies. Available frozen tissue from dentate gyrus region in hippocampus 

were collected no longer than 24 hours PMI (control group: average PMI 13.375 hours; low 

AD: 13.11 hours; intermediate AD: 8.67 hours and high AD group: 12 hours). TDP-43 

proteinopathy was confirmed by distinct neuronal inclusions with accompanying nuclear 

clearance in seven of the eight high level AD cases (87.5%, Fig. S1, Table 1). Among them, 

three cases had TDP-43 cytoplasmic inclusions identified only in the amygdala (Fig. S1-D), 

the initial stage for TDP-43 to spread in brain [10, 11]. The other four cases showed 

additional TDP-43 pathology in the dentate gyrus of hippocampus (Fig. S1-C), a stage III 

according to the updated TDP-43 staging scheme [11]. Similarly, TDP-43 pathology was 

confirmed in four of the nine intermediate level AD cases (44.4%). All four cases were at 

stage III TDP-43 pathology with TDP-43 deposition in the dentate gyrus of the 

hippocampus. In contrast, no inclusion of TDP-43 was present in any of the low level AD 

and control brains (Fig. S1-A, B). The testers who performed the subsequent RT-PCR 
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procedures were blinded to the aforementioned information as the control case numbers 

were mixed with the AD case numbers (Table 1).

To determine whether TDP-43 repression of nonconserved cryptic exons are impaired in AD 

brains, we examined the presence of cryptic exons from hippocampus, the most severely 

affected region in AD. We first used the reverse transcription polymerase chain reaction (RT-

PCR) protocol previously designed to amplify across the cryptic exon splice junctions of 

GPSM2 and ATG4B, the two cryptic exons that have been shown in ALS-FTD cases (Fig. 

S2-A) [18]. Corresponding PCR products were observed in all eleven TDP-43 inclusion-

positive cases with high and intermediate AD levels, but were absent in any of the low level 

AD or control cases (Fig. 1); the successful amplification of cryptic exon RT-PCR products 

was further validated by DNA sequencing in all of the eleven samples (Fig. S2-B, C). 

Interestingly, the presence of cryptic exons in hippocampus was detected in all three AD 

brains in which TDP-43 inclusions were restricted to the amygdala (cases #9–11). Most 

surprisingly, cryptic exon incorporations were observed in the five intermediate AD cases 

which did not exhibit distinct inclusions (Fig. 1C, cases #14, #20–22 and #25), suggesting 

that TDP-43 inclusion is not a prerequisite for the incorporation of cryptic exons. In 

summary, seven out of the eight (87.5%) high level AD and all nine intermediate level AD 

cases (100%) exhibit cryptic exon incorporation.

We then went on to further validate TDP-43 loss of function in these AD cases using 

additional cryptic exon targets identified from the original transcriptome analysis [18]. We 

identified primer pairs to amplify cryptic exon junctions in HDGFRP2. As expected, cryptic 

exon for HDGFRP2 was detected in all cases that displayed GPSM2 and ATG4B cryptic 

exon incorporation (Fig. 2). In order to further confirm that the presence of cryptic exons 

were driven by loss-of-function of TDP-43, we examined whether cryptic exon can be 

detected in brains of cases of hippocampal sclerosis (HS), which is defined by pyramidal 

cell loss and gliosis in the subiculum and CA1 region of the hippocampus [1]. It is a well-

known feature of frontotemporal lobar degeneration (FTLD) and up to 71% of HS cases 

have been found to have TDP-43 immunoreactive inclusions [2]. We randomly selected four 

neuropathologically confirmed HS cases from the Johns Hopkins Brain Bank that matched 

the age and PMI distribution of the AD patients in our study (ages ranging from 75–98, 

median age 81.5 years old, PMI average 13 hours, Supplementary Table S1). All four cases 

exhibited TDP-43 cytoplasmic inclusions in the dentate fascia granular neurons. None of 

these cases exhibit amyloid accumulation and three of the four cases display lower level of 

NFTs (Braak stage II); thus, none of these cases qualified for the diagnosis of AD. All four 

cases displayed incorporation of cryptic exon for GPSM2, ATG4B and HDGFRP2 (Fig. S4), 

an observation that is consistent with the view that cryptic exon incorporation is not caused 

directly by β-amyloidosis or tauopathy.

As nuclear function of TDP-43 is critical for cell survival [6, 7], we investigated whether 

depletion of nuclear TDP-43 as determined by the incorporation of cryptic exons occurs in 

neurons of AD brains lacking TDP-43 cytoplasmic inclusion. We performed dual-label 

immunofluorescence analysis with antisera recognizing TDP-43 and a neuronal nuclear 

marker, NeuN (Fig. 3). Whereas no nuclear clearance of TDP-43 was seen in the high level 

AD case which lacked cryptic exon incorporation (case #12, Fig. 3C1–C3), nuclear 
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clearance of TDP-43 was observed in hippocampal dentate fascia neurons in cases which 

exhibited incorporation of cryptic exons despite early TDP-43 deposition in amygdala (Fig. 

3D1–D6 and supplementary video). Indeed, nuclear clearance of TDP-43 was observed in 

hippocampal dentate fascia neurons in all five cases which exhibited incorporation of cryptic 

exons despite complete absence of TDP-43 inclusion (Fig. S5), indicating that the depletion 

and corresponding loss of nuclear function of TDP-43 from neurons may represent an early 

event and the inclusion is not necessary to elicit cryptic exon incorporation. The number of 

neurons with nuclear clearance of TDP-43 varies from case to case, with the lowest one 

estimated at 1.26% and highest one at 11.18% (Fig. 4).

Discussion

We report here for the first time that cryptic exon incorporation occurred not only in AD 

brains exhibiting TDP-43 pathology, but also in neurons lacking cytoplasmic inclusion but 

exhibiting nuclear clearance of TDP-43. Whether this is the case for other human diseases 

exhibiting TDP-43 pathology, such as ALS/FTD or sporadic inclusion body myopathy, 

remains to be seen. Interestingly, one illuminating patient, a 74-year-old female with 

frontotemporal dementia due to C9orf72 repeat expansion who underwent temporal lobe 

resection for epilepsy 5 years prior to her first frontotemporal dementia symptom was 

reported recently [28]. Archival surgical resection tissue demonstrated RNA foci, dipeptide 

repeat protein inclusions, and loss of nuclear TDP-43 but without TDP-43 inclusions despite 

florid TDP-43 inclusions at autopsy 8 years after first symptoms, raising important questions 

about the timing and significance of TDP-43-associated events. Similarly, our data strongly 

suggest that nuclear clearance of TDP-43 associated with its inability to repress cryptic 

exons may indicate an early pathogenic event that is much more widespread than currently 

appreciated.

While a variety of evidence supports a linear disease progression triggered by altered 

metabolism of β-amyloid leading to canonical pathological hallmarks of neuritic plaques 

and tau tangles in familial AD, our findings provide evidence to support a multifactorial 

problem underlying the clinical features of sporadic AD [8, 21]. Recently, we have shown 

that some populations of pyramidal neurons that are selectively vulnerable in AD are also 

vulnerable to TDP-43 depletion in mice, while other forebrain neurons appear spared [16]. 

Moreover, TDP-43 depletion in forebrain neurons of an AD mouse model exacerbates 

neurodegeneration, and correlates with increased prefibrillar oligomeric Aβ and decreased 

Aβ plaque burden. Therefore, failure to repress cryptic exons could potentially underlie the 

TDP-43 proteinopathy and may contribute to the worsening of cognitive decline observed in 

AD cases exhibiting TDP-43 pathology. Future studies designed to clarify the relationship 

between TDP-43 pathology and β-amyloidosis or tauopathy will provide mechanistic 

insights regarding the contribution of nuclear TDP-43 depletion in the pathogenesis of AD.

Interestingly, the contiguous spreading of TDP-43 in AD shares a similar but distinctly 

different pattern to tau spread as delineated by the Braak staging of neurofibrillary tangle 

(NFT) [4]. Both tau and TDP-43 spreads from the entorhinal and subiculum to the 

hippocampus and occipitotemporal gyrus before reaching the neocortex. However, tau 

pathology begins in the brainstem, in the form of hyperphosphorylated pretangles, prior to 
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deposition of NFTs in transentorhinal cortex. These findings point to TDP-43 proteinopathy 

as a critical component to AD pathobiology and it appears that TDP-43 proteinopathy occurs 

after tau pathology. This hypothesis may explain our finding that cryptic exon incorporation 

was not observed in normal controls or in cases with low level AD pathologic change (Braak 

stage at either I or II) when the tau pathology is restricted to the transentorhinal and 

entorhinal regions [4]. Of course, insights gleaned from our current effort with small sample 

size need to be further validated in future studies. To further clarify disease mechanism, it 

may also be important in the future to identify critical genes affected by cryptic exon 

incorporation that may contribute to the pathogenesis of AD. Our ability to develop ante-

mortem biomarkers to detect cryptic exon incorporation during early stages of disease will 

allow stratification of AD individuals with or without TDP-43 pathology to empower 

clinical trials. Finally, future efforts designed to validate therapeutic strategy to repress 

cryptic exons in model systems may identify potential combination therapy in conjunction 

with anti-amyloid or anti-tau strategies to address the multifactorial nature of this 

devastating illness of the elderly.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Detection of cryptic exon incorporation in AD brain tissue. DNA fragments were detected 

from hippocampal region at 199 base pairs (bp) (GPSM2) and at 215 bp (ATG4B) for all 

cases (A–B, subjects with high level AD pathologic change, case #1–3, #8, and #9–11; C, 

subjects with intermediate level AD pathologic change, cases #13, #15–16, and #19) that 

displayed TDP-43 proteinopathy (+: inclusions seen in both amygdala and dentate gyrus of 

hippocampus; ─*: inclusions only seen in amygdala). In addition, cryptic exon 

incorporation was seen in five cases with intermediate AD pathologic changes (case #14, 

#20–22 and #25) that did not have detectable TDP-43 inclusions (─: no detectable 

inclusions found). In contrast, cases with low level AD pathologic change (D, cases #26–34) 

and controls (cases #4–7 in A, #17–18 and #23–24 in C) did not display these fragments. 

One case with high level AD pathologic change (#12) and no detectable TDP-43 inclusions 

failed to show cryptic exon incorporation (the band as outlined in B was of smaller size and 

confirmed to be negative by sequencing). Conserved exon expression for both targets was 

shown in D to rule out the possibility that lack of cryptic exon expression was due to 
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technical failure or mRNA degradation. All cases with positive cryptic exon incorporation in 

A–C and conserved exon expression in D were confirmed by Sanger sequencing analysis. 

Case demographics and one sample of DNA sequencing validation are provided in table 1 

and supplementary figure S2. C, control. HIP, hippocampus.
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Figure 2. 
Further validation of cryptic exon incorporation in AD brain tissue. (A) Diagram of RT-PCR 

detection strategy to amplify across the cryptic exon splice junction of HDGFRP2. (B) 

Sequencing confirmed 263 bp HDGFRP2 RT-PCR products were detected in the same cases 

that showed cryptic exon incorporation of GPSM2 and ATG4B. Similarly, GPSM2 and 

ATG4B negative cases did not display HDGFRP2 RT-PCR fragment (the band as outlined in 

case #4 was confirmed to be negative by sequencing). +: inclusions seen in both amygdala 

and dentate gyrus of hippocampus; ─*: inclusions only seen in amygdala; ─: no solid 

inclusions. C, control. HIP, hippocampus.
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Figure 3. 
Dual-label immunofluorescence for TDP-43 and NeuN in dentate fascia granule neurons. 

(A1–A3)Normal localization of nuclear TDP-43 (phosphorylation-independent antibody, 

green, A1) merged with neuronal nuclei (NeuN, red, A2) in a control subject (case #4, 

scale=10 μm). (B1–B3) Large nuclear inclusion and accompanying nuclear clearance 

(circled nucleus) in a subject with high level AD (case #8, scale=10 μm). Insets of higher 

magnification are shown in B4–B6 (scale=5 μm). (C1–C3) No cleared nucleus or inclusions 

are seen in dentate fascia, corresponding to preserved cryptic exon repression in a subject 

with high level AD (case #12, scale=10 μm). Insets of higher magnification are shown in 

C4–C6 (scale=5 μm). (D1–D3) In contrast, nuclear clearance of TDP-43 (circled nucleus) in 

a subject (case #9) with high level AD and TDP-43 inclusions present only in amygdala 

(scale=10 μm). Insets of higher magnification are shown in D4–D6 (scale=5 μm).
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Figure 4. 
Low-power field (A) and high-power field (B) view of the dentate gyrus region stained with 

TDP-43 phosphorylation-independent antibody (case #9). Arrows indicate neurons with 

nuclear clearance of TDP-43. Only cells with neuronal morphology (large nucleus with open 

chromatin and a prominent nucleolus) were counted.
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