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Abstract

Frontotemporal lobar degeneration with TDP- 43 inclusions (FTLD-TDP) is characterized by
progressive decline in behavior, executive function, and language. Progranulin (GRN) gene
mutations are pathogenic for FTLD-TDP, and GRN transcript haploinsufficiency is the proposed
disease mechanism. However, the evidence for this hypothesis comes mainly from blood-derived
cells; we measured progranulin expression in brain. We characterized mRNA and protein levels of
progranulin from four brain regions (frontal cortex, temporal cortex, occipital cortex, and
cerebellum) in FTLD-TDP patients with and without GRN mutations, as well as neurologically
normal individuals. Moreover, we performed immunohistochemistry to evaluate the degree of
TDP-43 pathology and microglial infiltration present in these groups. In most brain regions,
patients with GRN mutations showed mRNA levels comparable to normal controls and to FTLD-
TDP without GRN mutations. However, GRN transcript levels in a brain region severely affected
by disease (frontal cortex) were increased in mutation-bearing patients. When compared with
normal individuals, GRN mutation-bearing cases had a significant reduction in the amount of
progranulin protein in the cerebellum and occipital cortex, but not in the frontal and temporal
cortices. In GRN mutant cases, GRN mRNA originated from the normal allele, and moderate
microglial infiltration was observed. In conclusion, GRN mutation carriers have increased levels of
MRNA transcript from the normal allele in brain, and proliferation of microglia likely increases
progranulin levels in affected regions of the FTLD-TDP brain, and whether or not these findings
underlie the accumulation of TDP-43 pathology in FTLD-TDP linked to GRN mutations remains
to be determined.
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Introduction

Frontotemporal dementia (FTD) is the second most common cause of dementia in
individuals under age 65 [39]. Clinically, the disease manifests with progressive decline in
behavior, social and executive function, and/or language [34]. Pathologically, FTD most
frequently manifests as frontotemporal lobar degeneration with TDP-43 inclusions (FTLD-
TDP) [2, 13, 21, 32, 36, 41]. Genetically, mutations in the progranulin gene (GRN) have
been associated with FTLD-TDP [5, 16].

GRN consists of 13 exons encoding a highly glycosylated 593 amino acid precursor protein
with a predicted molecular mass of 63.5 kDa [6, 9, 45]. The progranulin protein (also called
granulin) is expressed in many tissues, with a low to medium level of expression in the brain
[10] and it is believed to function generally in inflammation and wound repair [26]. The
progranulin protein encompasses 7.5 cysteine-rich granulin peptide domains that are
separated by linker sequences and are disulfide bridged. This precursor protein is secreted
and cleaved at sites in the linker sequences to generate granulin peptides [26]. Evidence
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suggests that progranulin and these resulting granulin peptides may have opposing effects on
processes, such as cell growth, survival, and cell cycling [25, 37, 47, 50].

GRN mutations are pathogenic for FTLD-TDP, and in clinical FTD patients unselected for
family history, the GRN mutation frequency is approximately 5% [22, 28]. In familial FTD,
the mutation frequency rises to 12-25% [12, 22, 27, 28]. Inherited in an autosomal dominant
manner, GRN mutations are believed to act through a haploinsufficiency mechanism [17].
To date, over 60 GRN mutations have been reported, and the majority of them result in
premature termination of the GRN transcript (AD and FTD mutation database;
http://www.molgen.ua.ac.be/FTDMutations). In cases where this has been examined,
patients with GRN mutations do not appear to express the mutant transcript, which is lost by
nonsense-mediated MRNA decay [5, 16, 22]. Indeed, decreases in GRN mRNA from patient
blood samples can be detected by microarray and predict the presence of a GRN mutation
[15]. In addition, in the original GRN mutation reports, progranulin protein levels were
evaluated in lymphablastoid cell lines derived from mutation carriers and shown to be
reduced by 30-35% when compared with controls [5, 16]. More recently, decreased
progranulin protein levels have been found in serum [46], plasma [20], and CSF [24]
samples from GRN mutation carriers.

However, few studies have evaluated GRN mRNA transcript or protein levels from the
brains of mutation carriers [29]. Because transcript levels are likely to show tissue-specific
variability, and the brain is the diseased organ in FTLD-TDP, we investigated mRNA
transcript and protein levels from the brains of normal individuals, FTLD-TDP patients with
GRN gene mutations (GRN+ FTLD-TDP), and FTLD-TDP patients without GRN gene
mutations (GRN— FTLD-TDP). To do this, we sampled four brain regions ranging from
most to least histopathologically affected in FTLD-TDP.

Materials and methods

Human samples

We dissected brain regions from human postmortem samples from the University of
Pennsylvania Center for Neurodegenerative Disease Research Brain Bank as previously
described [14]. Neurologically, normal controls, GRN+ FTLD-TDP (Table 1), and GRN—
FTLD-TDP were sampled for four regions of the brain; see Supplementary Table 1 for
details on numbers sampled in each disease group and brain region. Samples comprised
predominantly gray matter. Regions consisted of frontal cortex (anterior to genu of corpus
callosum), temporal cortex (temporal pole), occipital cortex (occipital pole), and cerebellum
(cerebellar hemisphere). A minimum of three individuals were sampled for each region and
disease category (details in Supplementary Table 1). Because GRN mutants fall exclusively
in FTLD-TDP histopathological subtype 3 [31, 42] (Geser et al. in press, J Neurol), GRN—
FTLD-TDP samples came primarily from this subtype.

Peripheral blood samples were collected from four neurologically normal controls and three
FTD patients with GRN gene mutations (Table 1). Six of the seven blood samples were
collected in PAXgene (PreAnalytiX, Qiagen/ BD, Valencia, CA) tubes which were
processed immediately or stored at —80°C until RNA isolation. In one case from a different
region of the country, total RNA was isolated from a buffy coat drawn from the patient.

For brain samples, pathological characterization as normal or FTLD-TDP was made by a
board-certified neuropathologist following consensus criteria [34] as described in previous
publications [13]. For blood samples, clinical diagnoses of FTD were made by a specialist in
cognitive neurology according to consensus criteria [34] as summarized earlier [21]. We
also verified that control individuals did not possess GRN gene mutations by direct
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sequencing of all coding exons. Informed consent was obtained for all studies. GRN gene
mutations are described in Table 1.

RNA isolation and quantitation

RNA was prepared from postmortem brain samples as previously described [14] and RNA
quality was verified using an Agilent 2100 Bioanalyzer both subjectively (sharp 28s and 18s
peaks) and objectively (RIN>6 for QRT-PCR, RIN>8 for microarray [43]. For blood
samples in PAXgene tubes (PreAnalytiX, Qiagen/BD), total RNA was isolated according to
standard manufacturer protocols.

For microarray analyses, total RNA isolated from postmortem brain samples was analyzed
on Affymetrix U133A microarray platforms as previously described [14]. Statistical
correction for multiple-hypothesis testing was performed using the Benjamini—-Hochberg
method [8].

Quantitative reverse transcription PCR (QRT-PCR) was performed on the Applied
Biosystems 7500 Fast real-time PCR system as previously described [14]. Gene expression
was quantified using the delta—delta C+ method [30], and the geometric mean of two
housekeeping genes (B-actin and cyclophilin A), previously shown to have stable expression
in FTLD-TDP and normal samples [14]. All samples were normalized to a common
reference sample to allow comparisons between different brain regions. ANOVA was used
to compare GRN expression across groups; Tukey’s test was employed for between-group
comparisons.

Detailed information on primers is given in Supplementary Table 2.

DNA sequencing and allele-specific expression analysis

GRN mutations were identified by genomic DNA sequencing as previously described [48].
Mutations in GRN were confirmed to be absent from control blood samples by bidirectional
sequencing of coding exons. For brain samples from individuals with GRN mutations,
cDNA obtained from reverse transcription of RNA was amplified (RTPCR) and the region
around the mutation was sequenced in order to determine whether one or both GRN alleles
were expressed. Primer sequences are given in Supplementary Table 2.

Sequential biochemical fractionation and immunoblotting

Sequential biochemical fractionation of postmortem human brain samples was performed.
Gray matter samples were sequentially extracted in buffers of increasing strength: Tris/30%
sucrose (10 mM Tris—HCI, 2 mM EDTA, pH 7.5 and 30% sucrose), RIPA [0.1% sodium
dodecyl sulfate (SDS), 1% NP-40, 0.5% deoxycholic acid, 5 mM EDTA, 150 mM NaCl, 50
mM Tris—HCI, pH 8.0], and 7 M urea. Immunoblotting was performed as previously
described [42].

Generation and characterization of novel antibodies

Anti-progranulin antibodies used in this study included a rabbit anti-C-terminus polyclonal
antibody (rabbit anti-C) and two monoclonal antibodies (mAbs 407 and 2126) developed for
this purpose.

To generate monoclonal antibodies, a His-tagged human progranulin expression plasmid
was created by PCR (primers given in Supplementary Table 2) which was then used to
generate a HEK?293 cell line stably expressing Hisprogranulin. His-progranulin secreted into
the media was purified using a Nickel column per manufacturer’s instructions. To generate
antibodies that recognize a reduced form of progranulin, purified native His-progranulin
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containing multiple disulfide bridges was reduced with DTT (100 mM) and run on SDS-
polyacrylamide gels. The portion of the gel containing denatured His-progranulin protein
was excised, homogenized in phosphate-buffered saline, emulsified with incomplete
Freund’s adjuvant, and injected subcutaneously into BALB/c mice. To generate antibodies
that recognize native progranulin, His-progranulin protein was emulsified with incomplete
Freund’s adjuvant without DTT treatment and injected into BALB/c mice. Subcutaneous
boosts (25 pg protein/mouse) were injected on days 21, 35, and 49, followed by
intraperitoneal injection of immunogens without adjuvant on day 63. On day 66, the spleen
was removed and spleen lymphocytes were fused to Sp2 myeloma cells to produce
hybridomas. Resulting hybridoma supernatants were screened by ELISA and
immunoblotted against purified progranulin protein in reduced or non-reduced forms.

To generate the rabbit polyclonal antibody, a C-terminal (Ct) peptide corresponding to
amino acid residues 523-590 (CLRREAPRWDAPLRDPALR) of progranulin was
synthesized and used to immunize rabbits. The antiserum was purified by His-progranulin
affinity chromatography using the sulfoLink kit (Pierce, IL) for conjugating the protein to
the resin.

We used several methods to verify the specificity of our antibodies for progranulin,
including deglycosylation, knockdown, and overexpression experiments. For
deglycosylation of the highly glycosylated progranulin protein, we used PNGase F (New
England Biolabs) according to standard manufacturer protocols. For knockdown
experiments, small interfering RNAs targeted against GRN or sense sequence control
(Qiagen) were transfected into HEK293 cells with the siLentFect transfection reagent
(BioRAD, Hercules, CA) according to manufacturer instructions. Seventy-two hours after
transfection, cells were washed twice with phosphate-buffered saline followed by lysis in
cold RIPA buffer with sonication. Cell lysates were cleared by centrifugation at 100,000xg
for 30 min at 4°C, and samples were immunoblotted for progranulin expression. Similar
transfection and sample preparation procedures were followed for overexpression
experiments except that in this case a plasmid containing the His-tagged progranulin
construct was transfected into cells.

Enzyme-linked immunosorbent assay

Sandwich ELISAs were used for the measurement of progranulin from tissue extracts.
Specifically, mAB 2161 (recognizing native progranulin, see “Generation and
characterization of novel antibodies™) was used as the capturing antibody, and our rabbit
anti-progranulin Ct polyclonal antibody was used as the detection antibody. A 384-well
plate was coated with 10 ug/ml of mAb 2161 overnight at 4°C, followed by blocking (2 h,
37°C). A 30 pl of human brain extract (RIPA fraction, see “Sequential biochemical
fractionation”) was incubated with the capture antibody-coated plates (2 h, 37°C), followed
by washing with PBS—-Tween. Anti-progranulin Ct rabbit polyclonal antibody (1 pg/ml) was
added to the plate and incubated for 1.5 h at 37°C. Samples were washed, and a HRP-
conjugated goat anti-rabbit antibody was added and incubated for 1 h. The plate was
washed, and TMB solution was added (room temperature x 10 min). Finally, the reaction
was stopped with 0.1 M phosphoric acid, and the ELISA plate was read by optical
densitometry at 450 nm. ANOVA was used to compare the progranulin expression across
groups, and Tukey’s test was employed for between-group comparisons.

Immunohistochemistry

Cases were examined by routine neuropathologic diagnostic techniques as described [13, 21,
36]. Frozen brain tissues adjacent to the areas evaluated for mMRNA and protein studies were
fixed in 70% ethanol with 150 mM sodium chloride, paraffin-embedded, and cut into 6-um
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sections. Immunohistochemistry was performed by means of the BioGenex Super Sensitive
MultiLink IHC Detection System Kit (BioGenex Laboratories, San Ramon, CA) with 3,3-
diaminobenzidine as the chromogen. Primary antibodies used were: rabbit polyclonal anti-
TDP-43 (Protein-Tech Group, Chicago, IL; 1:8,000), mouse anti-HLA-DR mAb
(DakoCytomation, Glostrup, Denmark; 1:5,000), and rabbit polyclonal anti-glial fibrillary
acidic protein MAb (DakoCytomation, Glostrup, Denmark; 1:10,000). Sections stained for
TDP-43 and HLADR were pre-treated by boiling in citrate antigen unmasking solution
(Vector Laboratories Burlingame, CA).

TDP-43 pathology severity and microglial proliferation in the frontal cortex were graded
using a 4-point arbitrary ordinal scale (0 none, 1 rare/mild, 2 occasional/moderate, 3
numerous/severe) by a neuropathologist (MM-L) blinded to clinical and pathological
diagnoses as well as GRN status. White and gray matters were scored individually. Medians
and interquartile ranges for each group were calculated based on the grouped data.

Quantification of GRN transcript levels in peripheral blood

We isolated total peripheral blood RNA from neurologically normal controls and FTD
patients harboring GRN mutations (cases 9-11, Table 1). Using QRT-PCR, we showed that
GRN mutation carriers had a significant reduction in mRNA transcripts compared with
neurologically normal controls (P = 0.03, Supplemental Fig. 1). This corroborates previous
work demonstrating that GRN+ FTLD-TDP patients show decreased GRN mRNA levels in
lymphoblastoid cell lines [5, 16] and in mRNA isolated directly from whole blood [15].

Quantification of progranulin transcript levels in brain

Next, we examined mRNA isolated from four regions of the brain. Two regions (frontal
cortex and temporal cortex) show marked histopathological involvement in FTLD-TDP,
while two regions (occipital cortex and cerebellum) are relatively histopathologically spared
[23]. We measured GRN transcript levels by QRT-PCR in brain samples from GRN+ FTLD-
TDP (cases 1-7, Table 1), GRN— FTLD-TDP, and neurologically normal controls (Fig. 1).
Of note, we performed this analysis without GRN mutation ¢.26C>A, as it has been shown
to result in protein haploinsuffiency, but not mRNA haploinsufficiency [35], unlike the other
GRN mutations in our study. Surprisingly, we did not see a decrease in GRN transcript level
in mutation carriers compared with individuals without mutations. Rather, in frontal cortex
(Fig. 1a), the brain region most affected in FTLD-TDP, patients with GRN mutations
showed a significant elevation in GRN transcript relative to normal controls (ANOVA P =
0.02, normal vs. GRN mutant P\0.05). In temporal cortex, occipital cortex, and cerebellum
(Fig. 1b—d), no significant differences were seen in mMRNA transcript levels. An increase in
GRN transcript abundance in the frontal cortex but not in other brain regions was true at the
level of individual GRN mutation-bearing patients as well (Supplementary Fig. 2).
Moreover, similar results were obtained using a second set of GRN primers directed at the
opposite (5”) end of the transcript (Supplementary Fig. 3).

The results were replicated on a larger number of individuals, using a different
methodology. We had previously performed global mRNA expression profiling from frontal
cortex and cerebellum in 11 neurologically normal individuals, as well as 17 FTLD-TDP
cases with (n = 7) and without (n = 10) GRN gene mutations [14]. Within the U133A
microarray platforms used, GRN is represented by three probes. We queried the expression
of these probes for the subset of GRN+ FTLD-TDP versus neurologically normal controls,
as previously described [14]. Microarray data from this cohort corroborated our QRT-PCR
results (Fig. 2), although, as others have seen for array data and likely resulting from
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increased technical noise [44], the magnitude of change was smaller. Specifically, frontal
cortex samples from GRN+ FTLD-TDP had increased levels of GRN transcript compared
with both normal controls and GRN— FTLD-TDP (Fig. 2a). One of the three probes (Probe
3) showed a statistically significant difference (P = 0.04) between normal controls and GRN
mutants after correction for multiple-hypothesis testing. For cerebellar samples, GRN+
FTLD-TDP, GRN— FTLD-TDP, and normal controls all showed comparable amounts of
GRN transcript (Fig. 2b).

In summary, we did not observe a reduction in GRN transcripts in brains of GRN+ FTLD-
TDP cases. Instead, GRN mutant samples from frontal cortex, the brain region most affected
in FTLD-TDP, exhibited increased levels of GRN mRNA expression, and we obtained the
same result regardless of method used.

Determination of allele-specific expression in GRN mutants

Given the increased amounts of total GRN transcript observed in GRN mutation cases, we
considered two alternative hypotheses. First, the mutant allele could show partial expression,
or, second, there could be increased transcript abundance for the normal allele. To evaluate
these hypotheses, we reverse-transcribed mRNA from frontal cortex and cerebellar samples
of GRN mutants and then sequenced cDNA surrounding the mutation. For all cases
evaluated with coding-region GRN mutations (cases 1, 3-6 in Table 1) sequencing showed
that only the normal allele is expressed (Fig. 3). For Case #6 with one mutation and two
variants, only the variant alleles were detected, indicating that the ¢.1009C>T mutation is in
trans to both variants (data not shown). Thus, the elevated levels of GRN mRNA transcript
in cases with GRN mutations reflect expression of the normal allele.

Quantification of progranulin protein in brain

To answer the question of whether increased levels of GRN mRNA translate into increased
progranulin protein levels, we performed immunoblots and quantitated progranulin levels by
ELISA on brain samples previously analyzed for mRNA levels (Supplementary Table 1).
For reliable immunoblotting and ELISA of progranulin protein, we generated a rabbit
polyclonal antibody to a C-terminal peptide, and two novel mAbs (mAbs 407 and 2161) that
are progranulin specific.

As shown in Fig. 4a, mAb 407 preferentially recognizes a reduced (DTT treated) form of
progranulin, mAb 2161 preferentially recognizes a non-reduced native form, and the rabbit
anti-progranulin Ct antibody recognizes both forms. All three antibodies are specific for
progranulin, as demonstrated by deglycosylation experiments (Fig. 4b). Because progranulin
is a highly glycosylated protein, one would expect bands recognized by progranulin-specific
antibodies to decrease in molecular weight after treatment with the deglycosylating enzyme
PNGase, which was indeed the case.

To identify progranulin from human brain samples, we conducted immunoblotting using
brain tissue sequentially extracted with buffers of increasing extraction strengths, and we
showed that progranulin was recovered primarily in the RIPA fractions (Supplementary Fig.
4). Using mAb 407 and the RIPA fractions, we found decreased amounts of progranulin in
GRN+ FTLD-TDP for brain regions relatively unaffected by FTLD-TDP (occipital cortex
and cerebellum, Fig. 5¢, d). However, in brain regions with more histopathological
involvement in disease (frontal cortex and temporal cortex, Fig. 5a, b), GRN mutants
showed more inter-individual variability. We, therefore, developed a sandwich ELISA for
accurate quantitation of progranulin protein from human brain samples.

Because progranulin from biosamples, such as plasma, CSF, or brain extracts is in a native
non-reduced form, we developed our sandwich ELISA using mAb 2161 as the capture
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antibody and the rabbit anti-progranulin Ct antibody (recognizing both non-reduced and
reduced forms) as the detection antibody. Highly purified His-progranulin was used to
generate the standard curves, and the EC50 for our sandwich ELISA was 10.98 ng/mL
(Supplementary Fig. 5). Using this assay, we measured progranulin protein levels in the
brains of normal controls, GRN+ FTLD-TDP, and GRN— FTLD-TDP. In occipital cortex
and cerebellum (Fig. 6c¢, d), the two brain regions least affected by FTLD-TDP, GRN
mutants showed a clear decrease in progranulin levels compared with normal controls and to
GRN- FTLD-TDP. In frontal cortex and temporal cortex (Fig. 6a, b), however, GRN
mutants did not show a significant difference in progranulin levels compared with normals,
although GRN+ FTLD-TDP and GRN— FTLD-TDP differed significantly, with GRN+
FTLD-TDP showing lower levels of protein expression.

Taken together, regions that are more histopathologically affected in FTLD-TDP (frontal
cortex and temporal cortex) show less difference in progranulin expression between normal
controls and GRN mutants, compared with regions that are relatively histopathologically
spared (occipital cortex and cerebellum). However, unlike mRNA transcript levels, protein
levels remain lower for GRN mutants than for controls in all four brain regions.

Microgliain FTLD-TDP

Although our sequencing results indicate that the increase in GRN mRNA transcript levels
seen in GRN mutants is due to the increased expression of the normal allele, they do not
answer the question of what cell types are responsible for the increase in GRN transcript.
Because GRN is known to be highly expressed in immune system cells [18], including
microglia [4], we examined sections of brain immediately adjacent to the areas analyzed for
mRNA and protein for the presence of microglia. Previous studies have shown that
microglial activation is a feature of many neurodegenerative diseases including Alzheimer’s
disease [33] and FTD [49].

As shown in Fig. 7, microglia were present in histopathological sections from GRN+ FTLD-
TDP and GRN— FTLD-TDP. However, in frontal cortex samples from GRN mutation cases,
microglial infiltration appeared more robust. When severity was assessed on a 4-point scale
(0 none, 1 rare/mild, 2 occasional/moderate, 3 numerous/ severe) by a neuropathologist
blinded to disease and GRN gene status, the median score for microglial staining was 1.7 in
GRN mutants compared to 1.4 in GRN— FTLD-TDP in the gray matter (Fig. 7d). In the
white matter, moderate to severe microglial infiltration was present in FTLD-TDP with and
without GRN mutations, although the mutants showed slightly greater involvement. This
robust microglial response was not present in normal control frontal cortex samples, nor was
it present in cerebellar samples from normal controls or FTLD-TDP cases with or without
GRN mutations.

Based on these immunohistochemical findings, we returned to our mRNA global expression
profiling results and queried the expression of several microglial marker genes in cases with
and without GRN mutations. Both CD34, a marker of bone marrow-derived hematopoietic
cells that labels proliferating brain microglia [3, 19], and CD11b, a marker of monocyte/
macrophage lineage cells expressed in microglia [1] showed increased mMRNA expression in
frontal cortex samples from GRN+ FTLD-TDP compared with GRN— FTLD-TDP and to
normal controls (Fig. 7e). CD34 and CD11b expression was significantly increased in GRN
mutants (corrected P = 0.02 and P = 0.05, respectively) compared with normal controls. We
did not see significant differences in either CD34 or CD11b expression comparing normal
controls and GRN— FTLD-TDP. In cerebellar samples, CD34 and CD11b expression did not
differ significantly among normal controls, GRN+ FTLD-TDP, and GRN— FTLD-TDP (data
not shown).
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Thus, the infiltration of brain regions affected in FTLD-TDP by GRN-expressing microglia
may partially explain the high levels of GRN transcripts in frontal cortex of GRN mutants.

Discussion

The 2006 discovery that GRN mutations are a major cause of FTLD-TDP [5, 16] opened
new avenues for research linking these genetic defects to disease phenotypes. To date, over
60 different GRN mutations have been described (AD and FTD mutation database;
http://www.molgen.ua.ac.be/FTDMutations), many of them resulting in either demonstrable
or predicted premature termination. This feature of GRN mutations, along with autosomal
dominant inheritance patterns, suggested progranulin haploinsufficiency as an upstream
disease mechanism in FTLD-TDP, a hypothesis supported by subsequent in vitro studies of
lymphoblastoid cell lines derived from GRN mutation carriers [5, 16, 22]. Progranulin
haploinsufficiency as the first step in a pathogenic cascade is widely accepted now [17]
despite an extreme paucity of studies that have evaluated affected versus unaffected brain
regions in FTLD-TDP [29].

The present study addresses the question of progranulin expression in FTLD-TDP brain
specifically and, in doing so, demonstrates several surprising findings. First, we show that,
contrary to expectations based on GRN haploinsufficiency in FTLD-TDP caused by GRN
mutations, and contrary to our findings of reduced GRN mRNA in blood samples, GRN
mutants do not show decreased GRN mRNA levels in brain samples. Indeed, in severely
affected frontal cortex, GRN mutants show elevated GRN mRNA levels. In comparison, in
the only prior study of GRN mRNA brain expression [29], one GRN mutation case showed
equivalent amounts of GRN mRNA in frontal cortex, and lower amounts of GRN mRNA in
cerebellum, compared with normal controls. Second, we show that progranulin protein
levels do not fully correspond to elevated GRN mRNA in GRN mutants for reasons that
remain enigmatic.

In the work presented here, we used a regional sampling approach, which by definition
involves sampling of mixed populations of glial, microglial, and neuronal cells. We chose
this approach to minimize the amount of RNA degradation, which is greater with
microdissection techniques. Moreover, because both full-length progranulin and its granulin
peptide derivatives are secreted, such an approach can capture both intracellular and
extracellular protein. This logic is also compelling when one considers possible cellular
sources of the elevated levels of GRN mRNA seen in frontal cortex of GRN mutants. In this
study, we showed that the normal allele is responsible for the increase in total amount of
GRN mRNA. Our immunohistochemical and microarray studies further suggest that
microglia may be the cell type primarily responsible for this increase in GRN transcripts.
Whether the robust microglial infiltration in GRN mutants is dependent on the same
pathways that cause TDP-43 accumulation remains to be determined, and future
investigations into the role of microglia in FTLD-TDP caused by GRN mutations would be a
valuable addition to the data presented here. In addition, studies specifically evaluating cell-
typespecific expression of GRN may add to our understanding of GRN-associated FTLD-
TDP.

Why do we not see a complete correspondence between levels of GRN mRNA expression
and levels of progranulin protein expression? Several explanations are possible. First, our
GRN mRNA results could be unreliable because of RNA degradation or other technical
reasons. However, we guarded against this possibility by checking RNA quality both
subjectively and objectively, with only samples with an RIN >6 and well-delineated peaks
on the Bioanalyzer electrophoregram retained for evaluation. Furthermore, the RNA results
were seen with two different methodologies, although the microarray results are less
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sensitive, as we and others have seen previously with this method [14, 44]. Second, we may
have failed to capture all of the full-length progranulin protein. This explanation seems
unlikely, however, since here we also obtained the same result with two different
methodologies (ELISA and immunoblot) and performed sequential extractions of brain
samples in order to capture progranulin in all biochemical fractions of the samples examined
here. Third, there may be post-transcriptional changes to the mRNA that affect its
translation. Indeed, one recent report implicates a specific microRNA in the post-
transcriptional regulation of progranulin expression [38], although others have reported no
association in FTLD-TDP with polymorphisms at the microRNA-binding site [40]. Fourth,
the literature suggests that full-length progranulin is primarily a precursor protein for
granulin peptide cleavage products [7]. As such, elevations in GRN mRNA may result in
higher expression of both full-length progranulin and granulin peptides. Therefore, it is quite
possible that increased expression of specific granulin peptides, not captured by the
antibodies used in this study which are specific for the full-length form of progranulin, is the
main result of increased expression of GRN mRNA. Increased expression of granulin
peptides might then be expected to have downstream effects in inflammatory or cell-cycle
signaling. Such downstream effects are worthy of further investigation, especially as the
literature suggests that full-length progranulin and the granulin peptides may at times act
similarly, e.g. in regulating neurite outgrowth [47], and at other times act in opposing ways,
e.g. in inflammation [25].

In summary, the results presented in this study show that increased GRN mRNA is present
in the most severely affected brain areas of GRN mutation-associated FTLD-TDP and that
microglial are the most likely cellular source of this message. One limitation of studies using
postmortem brain samples is that one cannot rule out the possibility that changes seen are
due to non-specific effects such as cell loss and gliosis. It is, therefore, possible that the
elevated GRN transcript levels and microglial infiltration seen in our GRN mutation-bearing
frontal cortex samples are non-specific. However, one would expect similar degrees of these
nonspecific effects in FTLD-TDP cases regardless of the presence of GRN mutations. Yet in
the postmortem brain samples studied here, increased GRN expression and increased
microglial infiltration were only seen in the GRN mutants, suggesting that increased
microglial activation may be a pathogenic feature of GRN mutation-associated FTLD-TDP.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Quantification of GRN mRNA transcript levels from brain samples in normal controls
(normal), FTLD-TDP with GRN mutations (mutant), and FTLD-TDP without GRN
mutations (no mutation). a Quantitative reverse transcription PCR (QRT-PCR) shows that
GRN mRNA is increased in frontal cortex samples from FTLD-TDP cases with GRN
mutations; increase relative to normal control is significant (P < 0.05). b—-d QRT-PCR
shows equivalent amounts of temporal cortex, occipital cortex, and cerebellar GRN mRNA
in normal controls and FTLD-TDP with and without GRN mutations. QRT-PCR reactions
were performed in duplicate, standardized to the geometric mean of two housekeeping genes
(cyclophilin A and B-actin), and normalized to control. Individual cases are shown as
circles, and the mean for each group is shown as a bar. ANOVA was used to evaluate
progranulin mRNA levels across groups, followed by Tukey’s test for pairwise comparisons
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Microarray analysis corroborates QRT-PCR results.a Microarray analysis demonstrates that
frontal cortex from GRN mutants (mutant, n = 6) have elevated GRN mRNA relative to
controls (normal, n = 8) and FTLD-TDP without GRN mutations (no mutation, n = 10).
GRN is represented by three different probes on the Affymetrix U133A microarray used. For
probe 3 (*), GRN mutation cases show a significant elevation (P = 0.04) relative to normals.
P value corrected for multiple-hypothesis testing by the Benjamini—-Hochberg method. b
Cerebellar samples from normal controls (n = 8), FTLD-TDP with GRN mutations (n = 5),
and FTLD-TDP without GRN mutations (n = 8) show equivalent amounts of GRN mRNA
by microarray
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Fig. 3.

Sequencing of cDNA reveals that increased mRNA transcript levels originate from the
normal allele. Brain mRNA from GRN mutants was reverse-transcribed, and the resulting
cDNA was sequenced. Row A depicts genomic DNA for each GRN mutant; mutant peaks
are indicated by colored arrows. Row B depicts cDNA for each GRN mutant, and Row C
depicts normal cDNA for comparison. For all GRN mutants tested, mMRNA primarily
represents the normal allele indicating that the increased transcript levels result from the
normal allele

Acta Neuropathol. Author manuscript; available in PMC 2011 May 31.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chen-Plotkin et al.

Page 17

a DTT + - + - + - b PNGase + - + - + -
!
Wy W =By %y '
progranulin progranulin
Anti-C 407 2161 Anti-C 407 2161
i
; 5 e - 75- '
At - . Anti- by .
His-tag His-tag

Fig. 4.

Novel antibodies recognize reduced and non-reduced forms of progranulin. We generated
antibodies recognizing different forms of human progranulin. a Purified His-tagged human
progranulin treated (+) or untreated (—) with DTT, a reducing agent, was separated on a
7.5% SDS-PAGE gel, and blotted with antibodies indicated (top). The blot was then stripped
and re-blotted with anti-His antibody (bottom). As shown in the top, the rabbit polyclonal
anti-progranulin Ct antibody (anti-C) does not discriminate between native (no DTT
treatment) and reduced (DTT treatment) forms of progranulin, while mAb 407 (407)
preferentially recognizes reduced progranulin, and mAb 2161 (2161) recognizes native
progranulin. The native non-reduced form of progranulin runs faster relative to the reduced
form of progranulin due to the compact conformation of the native protein. b Purified His-
tagged human progranulin was deglycosylated with PNGase F (+) or mock-treated (), and
proteins were separated on a 7.5% SDS-PAGE gel. Immunoblotting with rabbit anti-C, mAb
407, or mAb 2161 demonstrates that in each case deglycosylation results in a decrease in the
apparent molecular weight of progranulin, consistent with the nature of progranulin as a
highly glycosylated protein. As before, immunoblots were performed with the labeled
antibody (top), followed by stripping and re-blotting with anti-His antibody (bottom).
Because of preferential binding for reduced or non-reduced progranulin, DTT-treated
progranulin was used for rabbit anti-C and mAb 407 immunoblots in (b), while non-treated
progranulin was used for mAb 2161 immunoblotting
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Immunoblot of progranulin protein from brain samples in normal controls (normal), FTLD-
TDP with GRN mutations (mutant), and FTLD-TDP without GRN mutations (no mutation).
Representative immunoblot of progranulin protein from frontal cortex (a), temporal cortex
(b), occipital cortex (c), and cerebellum (d) using mAb 407. In brain regions relatively
unaffected by disease (occipital cortex and cerebellum), GRN mutants show uniformly
decreased progranulin levels relative to neurologically normal controls, while brain regions
that are histopathologically affected in FTLD-TDP (frontal cortex and temporal cortex)
show more individual to individual variation in progranulin protein levels among GRN
mutants. Each lane represents a separate patient or control sample. Immunoblots were
repeated four times. Human brain lysates (RIPA fraction) were separated on a 7.5% SDS-
PAGE gel
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Fig. 6.

Sandwich ELISA quantification of progranulin protein levels from brain samples in normal
controls (normal), FTLD-TDP with GRN mutations (mutant), and FTLD-TDP without GRN
mutations (no mutation). Progranulin in human brain lysates (RIPA fraction) was captured
with mAb 2161 and detected with rabbit anti-progranulin Ct antibody and HRP-conjugated
goat anti-rabbit antibody. a, b In brain regions with more histopathological involvement in
FTLD-TDP (frontal and temporal cortex), ELISA shows no significant difference in
progranulin protein levels between normal controls and GRN mutants, although GRN
mutants did differ from FTLD-TDP without GRN mutations (see bars with * comparing
FTLD-TDP cases + GRN mutations). c, d In brain regions that are relatively
histopathologically spared in FTLD-TDP (occipital cortex and cerebellum), ELISA shows
significantly decreased progranulin protein levels in GRN mutants relative to both normal
controls and FTLD-TDP without GRN mutations (see bars with * or ** comparing GRN
mutants to normal controls or FTLD-TDP cases without GRN mutations). Individual cases
are shown as circles, and the mean for each group is shown as a bar. ANOVA was used to
evaluate progranulin protein levels across groups, followed by Tukey’s test for pairwise
comparisons *P < 0.05, **P < 0.01
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Fig. 7.

Microglial infiltration in GRN mutants. a—c Gray matter sections from frontal cortex are
shown for cases of (left to right) FTLD-TDP with GRN mutations (GRN+), FTLD-TDP
without GRN mutations (GRN-), and normal controls. Cases stained for microglia with
HLA-DR. Scale bar represents 200 um. d Scoring of immunohistochemical staining for
TDP-43 pathology and microglial infiltration was performed for frontal cortex sections by a
neuropathologist blinded to disease and GRN mutation status. Scores ranged from 0 (no
microglial staining) to 3 (most robust microglial staining). GRN+ FTLD-TDP showed more
microglial infiltration than GRN- FTLD- TDP and normals in both gray and white matter.
Values shown are median score and interquartile range (parentheses) calculated from
grouped data. e Microarray expression results are shown for two microglial markers (CD34
and CD11b) as well as a housekeeping gene (B-actin) and the gene encoding TDP-43
(TARDBP). Significantly increased mRNA expression was seen in frontal cortex samples
from GRN mutants for CD34 (*P = 0.02) and CD11b (*P = 0.05). Bars represent relative
expression for FTLD-TDP with (GRN mutant) and without (no mutation) GRN mutations,
normalized to control. P values are corrected for multiple-hypothesis testing
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