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Supplementary information 

Supplementary Figure 1  
PGRN expression and phenotype in PGRN-KI mice 
(A) Western blot analysis revealed that PGRN protein was expressed at lower levels in PGRN-R504X-KI mice than in background mice (B6). Lower
graphs show relative intensities of the PGRN band of KI and B6 mice (N=6), using two different anti-PGRN antibodies. *, p < 0.05, **, p < 0.01
(Student’s t-test). Averages and S.E.M. are shown.
(B) Quantitative PCR revealed that the Pgrn mRNA level in cerebral cortex tissues was lower in PGRN-KI than in B6 mice (N=6). **, p < 0.01
(Student’s t-test). Averages and S.E.M. are shown.
(C) Upf1 siRNA and cycloheximide, which suppress nonsense-mediated RNA decay, restored the level of Pgrn mRNA in primary cortical neurons
(E15) from KI embryos. The western blot in the lower panel confirms suppression of Upf1 by siRNA 2 days after transfection. #, p < 0.05, ##, p < 0.01
(N=4, Tukey’s HSD test). Averages and S.E.M. are shown.
(D) Chronological changes in body weight in PGRN-KI and B6 mice (N=6). *, p < 0.05, **, p < 0.01 (Student’s t-test). Averages and S.E.M. are shown.
(E) Images of representative mutant PGRN-KI and B6 mice.
(F) Chronological changes of brain weight in PGRN-KI and B6 mice (N=5). *, p < 0.05 (Student’s t-test). Averages and S.E.M. are shown.
(G) Representative images of coronal sections of PGRN-KI and B6 cerebrums. Cerebral cortex is magnified. No macroscopic structural changes
were observed.
(H) Fear-conditioning test revealed a difference in % total freezing time between PGRN-KI and B6 mice. Numbers of mice analyzed are shown in
graph bars. *, p < 0.05, **, p < 0.01 (Student’s t-test). Averages and S.E.M. are shown.
(I) In the Morris water maze test, % time spent at the target region decreased in KI mice. Latency to the platform did not differ (data not shown).
Numbers of mice analyzed are shown in graph bars. *, p < 0.05, **, p < 0.01 (Student’s t-test). Averages and S.E.M. are shown.
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Supplementary Figure 2 
Elucidation of pathological signal networks in mutant PGRN-KI mice 
(A) The numbers of identified peptides or proteins from three sets of mass analyses at each age (4, 12, 24 weeks of age) are shown, along with the
confidence of mass spectrometry identification (upper table). Total peptide numbers include phosphorylated and non-phosphorylated peptides (upper
table). Peptide labeling with iTRAQ was used for quantitative comparison among samples. As a reference for the quality of mass spectrometry
analysis, the numbers of phosphoproteins, iTRAQ-labeled proteins, and iTRAQ-labeled phosphoproteins among identified proteins deduced from
phosphorylated and non-phosphorylated peptides are shown (lower table). The quantities of multiple iTRAQ tags were used to calculate the ratio of
specific peptides between samples, and comparisons were performed with iTRAQ-labeled phosphopeptides that were identified at the confidence
more than 95%. The change in the abundance of a phosphopeptide was judged to be statistically significant when the q-value was less than 0.05
(Welch’s test with post-hoc Benjamini-Hochberg correction).
(B) Pathological PPI networks were generated by selecting nodes with the list of changed proteins that were deduced from significantly altered
phosphopeptide ratios (q<0.05, Welch’s test with post-hoc BH procedure) between C57BL/6J and mutant PGRN-KI mice (see Materials and
Methods). Red and green nodes indicate proteins whose phosphorylation was increased and decreased based on the abundance of
phosphopeptide(s), respectively. Node sizes reflect q-value: small (q ≥ 0.05), medium (0.01 ≤ q < 0.05), and large (q < 0.01).  Edges and nodes that
directly linked to the selected nodes were added secondarily (see Materials and Methods), and small nodes basically correspond to the added nodes.
In the uploaded database (http://suppl.atgc.info/011/), peptide ratios and q-values are retrievable (ID: npat011, Password: hX1EKTk8).
(C) Pathological signal pathways in which the number of changed proteins (proteins with significantly altered phosphopeptide ratios) was unequally
increased in comparison to that in whole proteins. KEGG pathways are marked yellow at each time point at which they were altered (Fisher’s exact
test, p < 0.05).
(D) Changed proteins were mapped to the KEGG database. Upregulated and downregulated phosphoproteins are shown in red and green,
respectively. Proteins that fluctuated are shown in orange. A hypothetical candidate receptor for PGRN, which could affect PKC and MAPK signaling,
is presented as “X” and mapped to an appropriate position.
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Supplementary Figure 3 
Changes in protein phosphorylation in tau-related pathways detected by mass spectrometry 
(A) Summary of phosphorylation changes in signal proteins in the pathway leading to tau phosphorylation. Mean peptide ratio and number of peptide 
peaks detected in mass analysis (N) are shown, as are p-values and q-value (Welch’s test with post-hoc Benjamini-Hochberg correction) for the 
comparison between PGRN-KI and B6 mice. In the uploaded database (http://suppl.atgc.info/011/), all phosphopeptide data (ratios and q-values) are 
retrievable (ID: npat011, Password: hX1EKTk8).
(B) Upper schemes show multiple isoforms of human and mouse tau proteins. Critical phosphorylation sites addressed in this study and their 
correspondences between human and mouse are indicated. Lower panels show database accession numbers of human and mouse tau isoforms.
(C) Immunohistochemistry of phospho-B-Raf (Ser766), phospho-MEK1 (Ser218/222), and phospho-ERK1 (Thr203/Tyr205) revealed cytoplasmic 
stains in M2 cortex of PGRN-KI mice at 4 weeks of age. Lower graphs show quantitation of the stain signals. The mean values of signal 
intensities from 120 cells randomly selected in M2 frontal cortex of three mice were statistically evaluated by Student’s t-test (N=3,*p < 0.05). 
Averages and S.E.M. are shown.
(D) Phosphorylated peptides of TDP43, Tyro3, and MARCKS identified by mass spectrometry. Because the numbers of detected peaks (N) for 
TDP43 and Tyro3 were small, the change could not be confirmed statistically. 
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Supplementary Figure 4 
In vivo imaging of MAPK activation in the cortex of PGRN-KI mice 
(A) Protocol for in vivo imaging of MAPK activation. Lentiviral vectors expressing MAPK or JNK substrate for FRET were infected into RSD 2 weeks 
before observation at layer 2 of M2 cortex by two-photon microscopy. Vemurafenib or PBS was injected intrathecally to mice for 1 week before 
observation.  
(B) Actual images of FRET acquired from B6+PBS, PGRN-KI+PBS, and PGRN-KI+vemurafenib mice. Dotted circle indicates a single neuron. FRET 
from CFP to YFP of the ERK/MAPK substrate was higher in PGRN-KI+PBS than in B6+PBS. The abnormal increase in FRET was rescued in 
PGRN-KI+vemurafenib. FRET of the JNK substrate was not altered in PGRN-KI+PBS. 
(C) Quantitative analyses of FRET signals of ERK/MAPK and JNK substrates of B6+PBS, PGRN-KI+PBS, and PGRN-KI+vemurafenib mice. 
P-values were computed by Tukey’s HSD test. ##, p < 0.01. Averages and S.E.M. are shown. 
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Supplementary Figure 5 
(A) Phosphorylation states of upstream and downstream molecules of B-Raf in PGRN-KI mice after treatment with vemurafenib. Phosphoproteins 
detected with > 95% confidence in mass spectrometry of whole cerebral cortex from PGRN-KI mice were examined for changes relative to 
vemurafenib-treated PGRN-KI mice. Green indicates proteins whose phosphorylation was suppressed in vemurafenib-treated PGRN-KI mice with a 
q-value less than 0.05, and white indicates statistically unchanged proteins. Diagonal and circular nodes indicate kinase and non-kinase proteins, 
respectively. Gray indicates proteins not detected by mass spectrometry with > 95% confidence. The original data from the phosphoproteome 
analysis are available at http://suppl.atgc.info/011/ (ID: npat011, Password: hX1EKTk8).  
(B) Numbers of phosphorylated proteins and phosphorylation sites suppressed by vemurafenib are shown in the B-Raf-downstream or outside of the 
downstream. Their ratios to the total detected numbers are calculated in the two categories, and their difference is examined by Fisher’s exact test.  
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Supplementary Figure 6 
Improved spine pathology and cognitive symptoms are not associated with TDP43 aggregation 
Gö6976 and vemurafenib treatment, which ameliorate spine pathology and cognitive impairment, did not reduce the percentage of TDP43 
aggregate–positive cells in PGRN-KI mice at 12 weeks. Upper, middle, and lower panels show representative images of TDP43 aggregates in 
PGRN-KI and B6 mice. In TDP43 and pTDP43 immunohistochemistry, no significant difference in the percentage of aggregate-positive cells was 
detected between non-treated and treated PGRN-KI mice (Tukey’s HSD test). Averages and S.E.M. are shown. 
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Supplementary Figure 7 
Scheme of molecular pathways in PGRN-linked FTLD 
The absence of PGRN-mediated suppression of Gas6–Tyro3 binding activates the PLCg–DAG–PKC pathway and MAPK signaling. Consequently, 
tau proteins are phosphorylated at two positions (Ser203 and Thr220), resulting respectively in two different pathologies, TDP43 mislocalization and 
cytoplasmic accumulation. 
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Supplementary Figure 8 
Full scan images of blots. 
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