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Loss of Ca 2¢/Calmodulin Dependent
Protein Kinase Kinase 2 Leads to
Aberrant Transferrin Phosphorylation
and Traf cking: A Potential

Biomarker for Alzheimer's Disease

Mohammad Golam Sabbir *

Division of Neurodegenerative Disorders, St. Boniface Hpi#tal Albrechtsen Research Centre, Winnipeg, MB, Canada

Ca®“/calmodulin-dependent protein kinase kinase 2 (CaMKK2) is serine/threonine

kinase that is activated following an increase in the intratlular CZC concentration

and activates multiple signaling cascades that control ptsiologically important
neuronal processes. CaMKK2 has been implicated in schizopknia, bipolar

disease, neurodegeneration, and cancer. Using isoelectrifocusing (IEF) and mass
spectrometry-based proteomic analysis, it was found that kockdown (KD) of CaMKK2

in cultured adult primary dorsal root ganglion (DRG) neursnresulted in the reduction

of transferrin (TF) phosphorylation at multiple functioligz relevant residues which
corresponded to loss of an acidic fraction (pH 3-4) of TF. In vitro studies using

CRISPR/Cas9 based CaMKK2 knockout (KO) HEK293 and HepG2 dsllines validated
previous ndings and revealed that loss of CaMKK2 interfer@ with TF traf cking and

turnover. TF is an iron transporter glycoprotein. Abnormaccumulation of iron and/or

deregulated C&ZC homeostasis leads to neurodegeneration in Alzheimer's désise (AD).
Therefore, it was hypothesized that aberrant CaMKK2 in AD nyalead to aberrant

phosphorylated transferrin (P-TF: pH 3-4 fraction) which may serve as a hallmark
biomarker for AD. A signi cant reduction of P-TF in the braimnd serum of CaMKK2 KO

mice and a triple-transgenic mouse model of AD (3xTg-AD) sygorted this hypothesis.

In addition, analysis of early {65 years) and late-stage ¥ 65 years) postmortem

human AD cerebrospinal uid (CSF) and serum samples revealethat aberrant P-TF

(pH 3-4 fraction) pro le was associated with both early and latestage AD compared

to age-matched controls. This indicates P-TF (pH 3-4 fraction) pro le may be useful as
a minimally invasive biomarker for AD. In addition, this sy provides a link between
aberrant CaMKK2 with TF traf cking and turnover which prodes a novel insight into
the neurodegeneration process.

Keywords: transferrin, CaMKK2, phosphorylation, alzheimer
biomarker
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INTRODUCTION mediated reduction of TF phosphorylation may be associated
with TF tra cking and turnover.
Calcium ions (C&") are one of the most ubiquitous second  The Ser/Thr kinase, cyclin-dependent kinase 5 (CDK5) and
messengers which play a crucial role in many signalinglycogen synthase kinase 3 (GSK3) have been identied as
pathways, especially in neuronal tissuesafamoto et al., ypstream kinases that increase the stability and autonomous
2013). Calmodulin (calcium-modulated protein: CaM) is an activity of the CaMKK2 Green et al., 20)1 GSK3 has been
intracellular C&° receptor which is able to bind four aions  implicated in AD (Hooper et al., 2008: Kremer et al., 2011:
(Swulius and Waxham, 208The C&°/CaM dependent protein  |_jorens-Martin et al., 20)4and Parkinson's disease (PD)
kinase kinase 2 (CaMKK2) is a serine/threonine (Ser/Thrak®  (Morales-Garcia et al., 2013; Golpich et al., 2015; Choi and
that becomes activated by €4CaM binding (Racioppi and  Koh, 201§. CDK5 is a neuron-speci ¢ kinase that has been
Means, 201R Active CaMKK2 subsequently phosphorylates andinked to an array of neurodegenerative disorders including
activates three major downstream kinases, CaMKI, CaMKIV, angdD, PD and Huntington's disease (HDCheung and Ip, 2012;
AMP-activated protein kinase (AMPK)Marcelo et al., 2006  Kawauchi, 201¢ In addition, a decline in cAMP-dependent
which lead to the regulation of cell growth as observed improtein kinase A (PKA) signaling, another CaMKK2 upstream
neurite elongation and branching/\(ayman et al., 2004 cell  kinase {(Vayman et al., 1997; Cao et al., 2))ldontributes to
cycle control Kahl and Means, 20Q4energy balance’(iderson  the etiology of several neurodegenerative diseases, inglud
et al.,, 2008, 2012; Lin et al., 2),1dene expression and protein AD and PD (Dagda and Das Banerjee, 2)1%he iron level
synthesis Qury et al., 2010; Lin et al., 2015isruption of  generally increases in the aging braiie(tzokis et al., 199 but
C&C homeostasis has been linked to a variety of metabolim AD and PD, brain iron content shows a dramatic increase
diseasesMarcelo et al., 2006 Dysregulation of intracellular (Altamura and Muckenthaler, 2099In AD, iron accumulates
C&C homeostasis is considered an underlying factor in thén the same brain regions that are characterized by the raakm
development of Alzheimer's diseases (ABe(mes et al., 2010; amyloid- peptide (&) deposition, such as the hippocampus,
Berridge, 201l CaMKK?2 is expressed ubiquitously and has itsparietal cortex and motor cortexDedman et al., 1992; Good
strongest expression in the human braibl{én et al., 2015 et al., 199% CaMKK2 downstream e ector AMPK was found
In order to understand the role, CaMKK2 was knocked downderegulated in the brain of AD patients where it co-localized
(KD) in cultured primary adult rat dorsal root ganglion (DRG) with phosphorylated tau protein in pre-tangle and neuro briliar
neurons and total cellular proteins were proled based ontangle (NFT)-bearing neuronsV{ngtdeux et al., 2001 NFTs
the net electrical charge (isoelectric point: pl) and molacul are a pathological hallmark of neurodegenerative diseasg#s th
weight. Protein pro ling followed by mass spectrometric arsidy contains intraneuronal aggregates of hyperphosphorylateti an
revealed a signi cantly reduced acidic fraction (pl/pi3-4) misfolded tau Gerrano-Pozo et al., 20)L1A recent study has
of the transferrin (TF) containing multiple phosphorylated shown that AMPK modulated tau phosphorylation and tau
serine (Ser), threonine (Thr) and tyrosine (Tyr) residueghe  pathologyin vivo (Domise et al., 2096 In PD, one of the
CaMKK2 KD neurons compared to the control. pathological hallmarks is neurodegeneration with brainniro
TF is an iron transporter glycoprotein. Iron is an integral part accumulation and di use Lewy body formatiom\tamura and
of haem and iron-sulfur (Fe-S) cluster and acts as a co-fdoto  Muckenthaler, 2000 The Lewy bodies are mainly composed
numerous key enzymes involved in metabolic reactiétisi(ault, of -synuclein protein aggregatessgedert, 200l Multiple
2013. Free iron can promote free radical formation resultingstudies have now shown that iron promotes aggregation of
in the oxidative damageomme et al., 2005 Therefore, the -synuclein Hashimoto et al., 1999; Golts et al., 2002
iron is transported safely in a redox-inactive state by thewhile the mechanism for the brain iron accumulation in these
TF. Circulating TF captures iron released into the plasmalisorders is unknown, it correlates with the production of ROS
mainly from the intestinal enterocytes or reticuloendoiaél and oxidative damage that hallmark these neurodegenerativ
macrophagesAbbaspour et al., 20)4vhich then binds to the disorders Altamura and Muckenthaler, 2009 Therefore, it
cell-surface TF receptor (TFR) and gets internaliz€biime  was further hypothesized that aberrant CaMKK2 may lead to
et al., 200p The internalized iron may be donated to cytosolicthe aberrantly phosphorylated TF during the development and
target proteins through chaperonsl{ilpott, 2012, tracked  progression of AD. In addition, the aberrant P-TF (pk3-4
to the mitochondria for the synthesis of haem or Fe-S clsterfraction) pro le will be re ected in the serum or cerebrospinal
(Barupala et al., 20)6or stored in cytosolic ferritin Arosio  uid (CSF) of AD patients and therefore, can be used as a
et al., 200p Dysregulation of iron metabolism contributes to potential biomarker for AD.
various human pathologies including iron overload diseases The aim of the present study was to validate loss of CaMKK2
(Fleming and Ponka, 20),2neurodegenerative brain diseasesnediated aberrant TF phosphorylation and tra cking using
(Rouault, 201y atherosclerosis Sullivan, 198)l and cancer CaMKK2 KO mice and multiple CRISPR/cas9 based CaMKK2
(Bogdan et al., 20)6Interestingly, in a genome-wide analysis ofKO human cell lines. An additional aim was to identify and
the human kinases involved in endocytosis revealed thertsihg ~ validate P-TF as a potential biomarker for AD using triple-
of the CaMKK2 in HelLa cells leads to decreased accumulatianransgenic AD (3x-Tg-AD) mouse model as well as CSF and
of uorescent-TF in enlarged cytoplasmic structures whichserum samples from postmortem early and late-onset AD
indicates defective TF tra cking or signalingPelkmans et al., (EOAD: <65 years and LOAD:65 years) patients. This study
2009. Therefore, it was hypothesized that loss of CaMKKZeports that CaMKK2 controls TF phosphorylation, intracellular
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tra cking, and turnover in vivo. In addition, it was shown that screened for the reporter red uorescent protein (RFP) and
P-TF (pH 3-4) pro le may serve as a novel serum or CSF base@aMKK2 protein expression by confocal microscopic imaging

biomarker for AD. and immunoblotting, respectively. The oxed-RFP reporter
cassette in the HDR construct was excised by transiently
MATERIALS AND METHODS expressed by Cre-recombinase vector (Sc-418923). Theflists

CRISPR/Cas9 constructs are giverfable 1
Transgenic Mouse (CaMKK2 KO and

3xTg-AD) and Postmortem Human Knockdown of CaMKK2
Extracellular Fluids From Alzheimer's Knockdown of CaMKK2 in cultured DRG neurons was achieved
Patients by transfecting cells with lipid nanoparticles (LNP) encapsed

. . cocktail of 3 siRNAs speci c to exon 5, 8, and 12 of CaMKK2
The CaMKK2 KO male mouse brain and spinal cords were ene Table ) (Rungta et al., 20)3 The SIRNA-LNPs were

provided as dissected snap-frozen tissue by Dr. Uma Sankpl’epared by mixing appropriate volumes of di erent cationic

Indiana University School of Medicine, USA. The CaMKK2 KO . . . . L
. - lipid stock solutions in ethanol with an aqueous phase coritgin
mouse was generated by targeted deletion of exons 2—4 gnkin : . . S - e
. . SIRNA multiplexes using a micro uidic micromixer by Precision
sequenceAnderson et al., 2008The CaMKK2 KO mice used in NanoSystems Inc. For encapsulation, the desired amount of
this study were from C57BL/6J background and approximatel Y ’ P '

. %iRNAs 0.056 mg siRNA/ micromole of lipid) was dissolved in
3—-4 months old. The 6 and 14 months old female 3xTg-AD mice, form(ulation Su er (25 mmoliL sodiurFr)I a)lcetate bH 4.0).

cerebral corte>.<, hippocamp.us aqd serum samplgs were provid ubsequently, 1 volume of the lipid mixtures in ethanol and
_?_{]eDgx_?e_n:g'?; C; ﬁ:bﬁarlf:éningsiflzoje:wg?'fgahafsgﬁ:a3 volumes of the siRNA in formulation bu er were combined
PSl(M1496V) APP(SW[()E) and taﬂ (P301L) transgenesié et al 9in the micro uidic micromixer using a dual syringe pump to
’ 9 N I:S;enerate the LNPs. The LNP particles containing siRNA were
2003. The postmortem human CSF and serum samples from A
. } . added to the DRG culture and neurons were allowed to grow
patl_ents and una ected controls were obtained through Natibn for 48 h, after which the proteins were analyzed. The LNP based
Institute of Health (NIH) NeuroBioBank, USA (Requestnumberdelivery’ of SIRNA was not cytotoxic and did not aect the
#937). viability of DRG neurons after 48—74 h of exposure as reported

Cell Culture previously in the neuronal cell®(ngta et al., 20)3

DRGs from adult male Sprague-Dawley rats were dissect . .
and dissociated as described previousBalCutt et al., 2017; eFWO-Dlmensmnal (2D) IEF Followed by

Sabbir et al., 20)8and cultured in de ned Hams F12 media SDS-Polyacrylamide Gel Electrophoresis

containing 10mM D-glucose (N4888, Sigma, St Louis, MO(IEF/SDS-PAGE)

USA) supplemented with modi ed Bottenstein's N2 additives|EF separates proteins based on the isoelectric point (pl) which
without insulin (0.1 mg/ml TF, 20nM progesterone, 1@  depends on the net charge in the protein. During focusing, the
putrescine, 30 nM sodium selenite, 0.1 mg/ml BSA,; all adelitiv proteins will migrate to the point on an immobilized pH gradient
were from Sigma, St Louis, MO, USA)Kude et al., 2011; Roy where the net charge of the protein is zeFogeman and Hemby,
Chowdhury et al., 2012; Saleh et al., 2013; Calcutt et d7).20 2009. The charge-separated proteins were further separated in
In all experiments, the media was also supplemented with 0.14fie 2nd dimension SDS-PAGE based on their molecular weight.
g/L L-glutamine, a low dose cocktail of neurotrophic factorsTotal cellular proteins were precipitated and dissolved in the
(0.1 ng/ml NGF, 1.0ng/ml GDNF and 1 ng/ml NT-3 — all from rehydration bu er containing 8 M Urea, 2% CHAPS, 50 mM
Promega, Madison, WI, USA), 0.1 nM insulin and 1X antibioticdithiothreitol (DTT) and 0.2% Bio-Lyte ampholytes pH3-10

antimycotic solution (A5955, Sigma). (Bio-Rad, Cat no. 1632094). The dissolved proteins were then
_ ) incubated in IPG strips (ThermoFisher) for 1h and focused
Generation of CaMKK2 KO Cell Lines at 175 volts (V) for 15min, 175-2,000V ramp for 45/109 min

The HEK293 cell line was a gift from the Dr. Asuka Inoue(depending on pH gradient) and 2,000V for 30 min. In some
laboratory, University of Tohoku, Japan. The HepG2 cell line waexperiments, IPG strips from GE Healthcare Life Sciences
a gift from Dr. Je rey Wigle laboratory, University of Manitoba Immobiline DryStrip (pH 3-10L) and Bio-Rad ReadyStrip IPG
Canada. The cells were cultured in DMEM supplementedtrips (pH 4-7L) were used and the proteins were focused
with heat-inactivated 5% FBS, 0.146 g/L L-glutamine and 1Xsing Bio-Rad Proteahil2 IEF system as per manufacturer's
antibiotic antimycotic solution (A5955, Sigma). The CaMKK2recommendations. After focusing, the proteins in the strips
KO cell lines were generated by transfecting HEK293 andere reduced (by DTT), alkylated (by lodoacetamide) and
HepG2 cells with CaMKK2 CRISPR/Cas9 KO plasmid (Scresolved by 2D SDS-PAGE. For protein pro ling experiments,
400928) and CaMKK2 homology-directed repair (HDR) plasmidcthe gel was stained with colloidal Coomassie, imaged and the
(Sc-400928-HDR) using lipofectamine reagemélfle ). The protein spots were comparedD(balla and Metzger, 2009
cells were selected withn®/ml puromycin following 24 h of For immunoblotting experiments, the gels were transferred to
transfection and subsequently plated as single cell/wellGn 9nitrocellulose membrane and immunoblotted using di erent
well plates and allowed to develop colonies which were theantibodies Table 1).
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TABLE 1 | List of Antibodies and other reagents.

Name Description Source Catalog number

CaMKK2 HDR plasmid (Human) Homology arm with selection/repter cassette for HDR SCBT Sc-400928-HDR

CaMKK2 CRISPR/Cas9 KO plasmid (Human) Pool of 3 plasmids eacmeoding ccas9 nuclease and a target SCBT Sc-400928
speci ¢ 20nucleotide gRNA

Cre vector Cre recombinase expressing plasmid SCBT Sc-418923

mCherry-TFR C-terminal mCherry tagged TFR Addgene 55144

Flag-TF cDNA Human Transferrin full length, N-terminal flaag Gene Script OHu26129

CaMKK2 siRNAs: Rat CaMKK?2 speci ¢ siRNAs: ThermoFisher Scientic 4390771

5135956, CGAGCAGGTGTATCAGGAA,

5135958, CAAAGGCATTGAGTACTTA,

s135957 CCCGGATGTTGGACAAGA

Name Source Type Host Sp. Cat. No Lot No.

Antibodies

CaMKK2(Zz9) SCBT Monoclonal Mouse Sc-100364 12914

B-23(NA24) SCBT Monoclonal Mouse Sc53175 F2212

VDAC1(B-6) SCBT Monoclonal Mouse Sc-390996 C0116

a-tubulin (TU-02) SCBT Monoclonal Mouse Sc-8035 C2017

ERK1/2(C-9) SCBT Monoclonal Mouse Sc-514302 G3115

Histone-1(G-1) SCBT Monoclonal Mouse Sc-395530 G1514

GAPDH(0411) SCBT Monoclonal Mouse Sc-47724 1015

Flag Sigma Monoclonal Mouse F3165 SLBT6752

Phospho-Serine SCBT Monoclonal Mouse SC-81514 11615

In-gel Digestion and Mass Spectrometry 10003D: ThermoFisher Scientic) for overnight and washed
In-Gel digestions of the excised gel-spots were performethrice using PBS with 1% IGPAL630 for 10 min each. The
as follows. The spots were sliced, destained, dehydrat@doteins were denatured, reduced and separated by SDS-PAGE.
and dried. the dried gel slices were then rehydrated ifThe protein gels were stained with Oriole uorescent staiio¢B

20 ml of 12 nghl Trypsin Gold (V5280, Promega) in Rad, Catno.1610496) or transferred to nitrocellulose memé
0.01% ProteaseMAX! Surfactant (Trypsin enhancer, V2071, and immunoblotted.

Promega):50 mM NiHCO3 for 10 min and then overlaid with
30 m of 0.01% ProteaseMA™ Surfactant:50mM NHHCOs3,
gently mixed and incubated overnight at 37 on a horizontal . . .
shaker. The eluted peptides were cleaned by Pi¥rog-18 TWO'DImenS_Ional Blue Native _
tips (ThermoFisher, 87782) and analyzed by tandem madg0lyacrylamide Gel Electrophoresis
spectrometry (MS) analysis using AB SCIEX TripleTOB600 Followed by SDS-PAGE
System (Applied Biosystems/MDS Sciex, Foster City, CA) §BN-PAGE/SDS-PAGE)
Manitoba Centre for Proteomics and Systems Biology, Unisers In BN-PAGE/SDS-PAGE, the
of Manitoba.

rst dimension native page
separates multiprotein complexes and the 2nd dimension
L. denatured and reduced SDS-PAGE separates the interacting
Formaldehyde Cross-Linking and protein components in the MPC which appears on a vertical
Immunoprecipitation line (Sabbir et al., 2096 The rst dimension BN-PAGE and
The HEK293 cells were transiently transfected with Flag-TEhe 2nd dimension SDS-PAGE was performed as described
in serum-starved condition for 14h. The cells were thenpreviously Gabbir et al., 20)6 Briey, the cell lysates were
crosslinked using 2% freshly prepared paraformaldehyde iprepared in 1X PBS supplemented with 1X Halt protease and
phosphate-bu ered Saline (PBS) for 10 min. The crosslinkingphosphatase inhibitor cocktail (1861281, Thermo Scientojl
was stopped with Tris and washed thrice in PBS for 10 mirl.5%n-Dodecylb-D-maltoside (D4641, Sigma) and sonicated.
each. The protein lysates were prepared in PBS containirithe proteins were then separated in 4-15% gradient blue-
1% IGPAL630 (Sigma), sonicated and reduced (DTT). Theative polyacrylamide gel. The gel strips (individual lanesjen
crosslinked samples were not boiled but the native proteinsarefully excised including the 3.2% stacking gel and imetkrs
were boiled for 10min in a water bath. The Flag-TF wasn the Laemmli sample bu er containing freshly prepared DTT
immunoprecipitated by incubating the protein lysates witm§ (54 mg/ml). The gel slices were incubated in sample bu er
anti-Flag antibody/50 ul Dynabeads protein-G (F3165: Sigmdor 30 min at 55C temperature and then the proteins in the

Frontiers in Molecular Biosciences | www.frontiersin.org 4 November 2018 | Volume 5 | Article 99


https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles

Sabbir Phosphorylated-Transferrin as Biomarker for Alzheimer's

gel slices were separated in the 2nd dimension SDS-PAGE aRESULTS

immunoblotted. CaMKK2 KD in DRG Neurons Leads to
Loss of Negatively Charged Fraction

Transferrin Uptake Assay (pH 3-4) of TF Containing Multiple
The FITC-conjugated TF uptake assay was performed hosphorylated Residues

overexpressing RFP tagged TFR plasniab(e 1) in wild-type .
. der to understand the role of CaMKK2 in neurons
and CaMKK2 KO HEK?293 cells. The cells were grown overnighf! °F . . !
g g aMKK2 was knocked down in cultured adult rat primary DRG

in serum-free media and then incubated with i FITC-TF . . .
neurons Figure 1A) and total cellular proteins were fractionated

in serum-free media. Live confocal time-lapse images wéenta . .
using an environment controlled LSM510 confocal microscopelc.’y IEF/SDS-PAGE to detect and compare di erentially charged

The cells were also pulse labeled withm®8 FITC-TF for 1 h and protein fractions between control and KD samplégure 18).

then washed and overnight incubated in serum-free media angomparlson of the focused_ proteins revealed_ the dierence
In. the abundance of multiple 75 kDa protein spots at

![rkl]naged. LSM51_O confocal images acquisition parameters we}&| 3-4 (Figure 18 blue rectangles), excised and analyzed
e same for all images. . C ) .
by in-gel tryptic digestion followed by mass spectrometric
identi cation of the proteins Figure 10. Mass spectrometry
Calcium Response Assay identi ed the protein spots as TF and revealed multiple potential
Wild-type and CaMKK2 KO (clone A5) cells were cultured phosphorylated Ser-381/389/409/500/511/512, Thr-39258%3/
for 48h in serum-free media. The culture media was therand Tyr-257/333/336/338 residues in the scrambled control
replaced with a salt-glucose solution containing 114 mM NaClsample which was absent in KD conditiofaple 2, Figure 1E
0.22% NaHCO3, 5.29mM KCI, with or without CaCl2.2H20and Supplementary Figure 1. The phosphorylated residues
(with calcium: 2mM CaClZz1mM BaCl2; without calcium: were plotted on TF with respect to the functional domains, TFR
3mM BaCl2), 10mM HEPES, 10mM Glucose, 1 mM MgcCl2inding motif and iron binding sites$upplementary Figure 1
and supplemented with M Fluo-4AM dye (ThermoFisher, The phosphorylated TF (P-TF) residues were not detected in
F14210). The cells were loaded with cell-permeant Fluo-4 fdhe CaMKK2 KD neurons. Crystal structure of TF revealed that
15 min, washed and then time series images were captured at 36@r381/389 and Thr392/393 residues overlapped with the TFR
interval following 10mM Muscarine (Sigma, M6532) treatment. binding site Figures 1E-G. In addition, immunoblotting based
Zeiss LSM410 confocal microscope with a controlled humidi edquanti cation revealed a signi cant reduction of total TR the
atmosphere containing 5% CO2 at &was used to capture time CaMKK2 KD neurons Figure 1D). In some mass spectrometry
lapse images. The mean Fluo-4 intensity was calculated froent spectrums, the fragmentation pattern could not resolve speci ¢
series images using ImageJ time-series analyzer plugin. phosphorylated residues due to the presence of closely spaced
Ser/Thr/Tyr residues and fragmentation between them did no
. occur (Table 2. Therefore, potential phosphorylated residues
Western Blotting and in the respective peptide fragment were separated by slash
Chemiluminescence-Detection punctuation mark Table 2. The mass spectrometry data is
Relative quanti cation of proteins was done by SDS-accessible in the Global Proteome machine (GPM) database
PAGE separation of total proteins followed by transfer to(http://hs2.proteome.ca/tandem/thegpm_tandem.html) using
the nitrocellulose membrane and immunoblotting basedrespective GPM accession numbe&alfle 2and Figure 10).
detection using HRP-conjugated secondary antibodies.
The chemiluminescence was detected and imaged usidgnmunoblotting Using Anti-TF Antibody

ChemiDoc™ imaging system and Image Lab software versioRevealed a Signi cant Reduction of P-TF

5.0 build-18 (BioRad).Table 1 summarizes all the primary (pH 3-4 Fraction) in CaMKK2 KD DRG
antibodies and other reagents used in this study.

Neurons
o _ The molecular weight and pl of human/rat TF (SwissPort:
Statistical Analysis P02787/P12346) is 77/76 kDa and 6.81/7.14, respectivety. Th

Statistical analysis was performed using Prism version 7.@e ned neuronal culture media was supplemented with partially
(GraphPad Software). The mean of more than 2 groups wergaturated (with iron) recombinant human TF. Therefore,
compared using one-way ANOVA (randomized) followed bycross-species mixture of TF was expected in the protein
multiple comparison tests Jiegel, 1956; Dunn, 1964The analysis. IEF/SDS-PAGE followed by immunoblotting using
mean of multiple experimental groups were compared withanti-TF antibody revealed that the charged fractions of TF
the control group by Dunnett'post-hocmultiple comparison diered between scrambled siRNA control and CaMKK2
test, whereas, the mean between two experimental groupd DRG neurons Figures 2A,B. TF appeared as 3 major
were compared by Sidakjsost-hocmultiple comparison test charged fractions at pH3-4, 5-6, and 9-10 (igure 2B red
(Dunn, 1964. Comparisons between two groups were performedectangles)Previous mass spectrometric analysis revealed that
using Studentdg-test (unpaired). Di erences were consideredthe pH 3-4 fractions corresponded to potential Ser/Tyr/Thr
signi cant with P< 0.05. phosphorylated TF and therefore, hereafter designated as.P-TF
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A C Cultured primary adult rat DRG neurons based study

15 031 Protein =~ No. of

100_;"\£fC 110 Sample pI/pH3 tot.al coverage unique Protein GEMEa ceession
fraction  peptides o . No.

704 ‘ -—]-CaMKKZ e (%)  peptides
S - 1 |CaMKK2KD| 209 69 61 | TF |GPM10000002012
38:* 2 |CaMKK2-KD| 166 71 59 TF |GPM10000002013
354 S s ' GAPDH 3 Control 450 78 91 TF |GPM10000002014
4 Control 698 82 132 TF |GPM10000002011
5 Control 21 35 20 TF |GPM 10000002016

------------------- _pH3-10NL IPG strip------pH3 pH10----pH3-10NL IPG strip-----pH3

-

Scrambled CTRL CaMKK2 Knockdown Overlay: CTRL:m CaMKK2-KD:m

M --KD- CTRL
100- — o I50) o ©
70- - TF 3 B B8R I T
48- @D Znin Dy >
o o oo oo o
36- ~=we=—~—=~—-GAPDH p(,787:HUMAN SHHERLKCDEWSVNSVGKEECH EDCIAKIMNGEADAMSLDGGFVYIAGK
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FIGURE 1 | Protein pro ling in CaMKK2 KD cultured adult primary rat DRG @urons. (A) Immunoblots showing expression of CaMKK2 and GAPDH. CTRL, sambled
control, KD, knockdown. The LNP based delivery of siRNAs kntked down 98% of CaMKK2 in DRG neurons. The protein lysates we obtained from DRG neurons
cultured for 48 h following transfection(B) Oriole stained IEF/SDS-PAGE gel showing focused proteins. B rectangle areas show the difference in the focused
protein fractions. The gel images (CTRL and KD) were falseslored and overlaid in the right panel to highlight the diffences. Arabic numerals indicate gel spots that
were used for in-gel trypsin digestion and mass spectrometc identi cation of the proteins. The numbers are equivalento the sample numbers in(C). (C) Table
summarizes mass spectrometry ndings. Data is accessible aGlobal Proteome Machine (https://thegpm.org) website usig the GPM identi ers. (D) Immunoblots
showing expression of TF and GAPDH. CTRL, scrambled controkD, knockdown. The protein lysates were obtained from DRG eurons cultured for

(Continued)
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FIGURE 1 | 72 h following transfection. Bottom panel: representativescatter plot showing the relative abundance of TF normalizeto GAPDH expression.N D 6
replicates from 3 independent experiments. The-value byt-test (unpaired).(E) Conserved TFR binding motif in TF in different mammalian spes showing the P-TF
residues identi ed by mass spectrometry. D-411 residue is iwolved in iron binding. The purple and green highlighted régues indicate the TFR binding site identi ed
by cryo-EM (Cheng et al., 2004) and epitope mapping {(eh et al., 2005). (F) Ribbon representation of hTF showing TFR binding sité\(ally et al., 2006. TF modeled
using diferric bound human serum TF crystal structure, PDBBQYT. The subdomains: N1 (residues 1-92 and 247-330) in blueN2 (Residues 93-246) in green, C1
(Residues 340-325 and 573-679) in yellow, C2 (residues 42672) in red, and the peptide linker in brown. Fe(lll) ions are negsented as sphere models in black. The
two N-acetyl-glucosamine moieties (NAG and NAG') are repeented as sphere models. Molecular graphics were preparedsing UCSF Chimera packageRettersen
et al., 2004). Right panel: molecular surface presentations showing Hrbinding site highlighted in pink(G) Ribbon and molecular surface model of TF showing
epitopes containing the phosphorylated residues (blue).

Phosphorylated TF epitope specic antibody is not availabledecreased in the CaMKK2 KO HepG2 cel8gures 2F,G red
therefore, in the subsequent studies, the pBi4 fraction was arrow).
quantied as a measure of P-TFThe relative amount of Immunoblotting revealed loss of CaMKK2 isoforms in the
P-TF was signi cantly decreased in CaMKK2 KD neuronsCaMKK2 KO HEK293 clonal cell linesigure 3A). HEK293
(Figures 2B,G red arrow). This supported previous protein cells do not express TF or express it below the detection
pro ling based observationKigure 1B blue rectangles). The limit, therefore, Flag-tagged TF was expressed in the wyibe-t
CaMKK2 KD DRG neurons exhibited the presence of additionahnd CaMKK2 KO HEK293 cells to study the eect on TF
130/ 180 kDa focused spots in pH 5-6 and pH 9-10 phosphorylation Figure 3A). IEF/SDS-PAGE revealed 2 major
regions, whereas scrambled control cells exhibi#etBO kDa fractions of TF in the pH 3-4 and 5-6 regions in HEK293 cells
spots in pH 9-10 region only Figure 2B, blue rectangles). (Figure 3B). The P-TF level was signi cantly reduced in Flag-TF
The high molecular weight (HMW) forms may be due to PTMsexpressed CaMKK2 KO HEK293 cells compared to the wild-
that added additional molecular mass, for example, glyedisyl.  type (Figures 3B,C Red arrow). In addition, Flag-TF appeared
TF is known N-linked glycosylated at multiple residués{omi  as a HMW fraction in the CaMKK2 KO HEK293 cells compared
et al., 200}t Treatment with a deglycosylation mix (protein to the wild-type cells, as observed previously in CaMKK2 KD
deglycosylation mix, NEB), containing all enzymes to reemdlv  neurons Figure 3B Blue Square). This indicates di erence in
and O-linked glycans caused the disappearance of the HMW Tpotential glycosylated form of TF.
indicating potential glycosylation (data not shown).

. , CaMKK?2 Is Not Associated With TF
P-TF Was Slgnl Cantly Reduced in the In order to see if CaMKK2 is associated with TF, Flag-TF

CRISPR/Cas9 Based CaMKK2 KO HepG2 was immunoprecipitated from wild-type and CaMKK2 KO

and HEK?293 Cells HEK293 cells and immunoblotted using anti-TF, anti-CaMKK2
CRISPR/Cas9 based CaMKK2 KO HEK293 and HepG2 cahd anti-pan-P-Ser speci c antibodieEigure 3D). The pan-P-
lines were generated to study the e ect of CaMKK2 on TFSer speci ¢ antibody was used because P-Ser is the abundant
phosphorylation. The HepG2 and HEK293 cell lines werghosphorylation detected in the pH3-4 fraction of TF. Protein
derived from human hepatocellular carcinoma (liver in onpi gel staining, as well as immunoblotting, con rmed pull-down
(Aden et al., 197Pand embryonic kidney, respectivelfifaw of Flag-TF Figure 3D, left panel). However, CaMKK2 was not
et al., 200p. Human Protein Atlas (www.proteinatlas.org) baseddetected in the immunoprecipitated fraction of TF, neitheryan
gene expression data revealed that HepG2 cells express Ba&nds equivalent to P-TF(Sefigure 3D, right panel).
but HEK293 cells do not express TREJ{len et al., 2006 The physical interaction between CaMKK2 and TF may
Immunoblotting revealed that HepG2 strongly express TFoe “hit and run” type with short residence time. Therefore,
whereas HEK293 cells do not express TF or expresses belfaswmaldehyde crosslinking followed by gel mobility shifsag
the detection limit Figures 2D 3A). HEK293 and HepG2 (Klockenbusch and Kast, 20)l@vas used to study potential
cells expressed 2 isoforms (isoform 1 and 2) of CaMKK2 association between CaMKK2 and TF. Flag-TF was transiently
60-75 kDa region and the relative expression of CaMKK2xpressed in the wild-type and CaMKK2 KO HEK293 cells
di ered between the cell linesFH{gure 2D). In CaMKK2 gene and crosslinked using formaldehyde. Formaldehyde is the
ablation strategy, the CRISPR/Cas9 KO plasmids and CaMKKshortest cross-linker with a crosslinking distance of 2.3—
HDR plasmids were designed to cause targeted insertion @7A (Klockenbusch and Kast, 200The non-crosslinked
a reporter/selection cassette between exon 4 and 13 of tld crosslinked proteins in Flag-TF expressed wild-type
CaMKK2 gene which would e ectively eliminate expression ofand CaMKK2 KO cells were resolved by SDS-PAGE and
all transcriptional isoforms. Immunoblotting revealed $osf immunoblotted Figure 3B. Native non-crosslinked CaMKK2
expression of the CaMKK2 isoforms in 2 independently selecteidoforms appeared within 63—75 kDa (black square) whereas
CaMKK2 KO HepG2 clonal cell lineg-igure 2D). Total TF  crosslinked CaMKK2 appeared as 3 major bands at5,
level was signi cantly increased in the CaMKK2 KO HepG2 cell 80-90, and 135-180 kDa (red squares, numbered 1-3)
lines (Figures 2D,B. IEF/SDS-PAGE revealed 2 major chargedFigure 3E left panel). The corresponding CaMKK2 bands
fractions of TF in the pH 3-4 and 5-6 regions in HepG2 were absent in the KO cells as expecté&dg(re 3E. Non-
cells Figure 2F, red rectangles). The P-TF level was signi cantlycrosslinked Flag-TF appeared at 75 kDa (black square) whereas
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FIGURE 2 | P-TF signi cantly reduced in the CaMKK2 KD cultured primary dult rat DRG neurons and multiple CaMKK2 KO human cell line¢A) Immunoblots
showing relative expression of CaMKK2, and GAPDH in CaMKK2IXDRG neurons. CTRL, scrambled control; KD, knockdown(B) Immunoblots showing charged
fractions of TF in the DRG neurons. Red rectangles indicateipl 3, 5-6 and 9-10 fractions of native TF. Blue rectangles indicate highiemolecular weight (HMW)
form of the TF.(C) Scatter plot showing relative percentage of P-TF. The peragage was normalized relative to the intensity of pH9-10 fraction. N D 6 from 3
independent experiments. Thep-value byt-test (unpaired).(D) Immunoblots showing expression of CaMKK2 and TF in CRISPR/Cad8ased CaMKK2 KO HepG2
cells and wild-type HEK293 cells. KQ and KO, represent independently selected CaMKK2 KO HepG2 clonal dElines. Different exposure of the same blot was giver
to highlight bands at different intensities(E) Scatter plot showing the relative amount of total TF. The peentage was calculated relative to GAPDH (not shown)
intensity.N D 6 from 2 independent experiments. Thep-value byt-test (unpaired).(F) Immunoblots showing charged fraction of the TF in the wild-fye (WT) and
CaMKK2 KO, HepG2 cells.(G) Scatter plot showing the relative amount of P-TF. The rela intensity of the P-TF was calculated based on the intensitof pH 5-6
fraction. N D 4 from 4 independent experiments. Thep-value byt-test (unpaired).
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FIGURE 3 | CaMKK2 is not directly associated with TF and loss of CaMKK2féected TF associated protein complexes(A) Immunoblot showing expression of
CaMKK?2 in the wild-type and three CRISPR/Cas9 based CaMKK2 KO EK293 clonal cell lines selected independently (Top paneBottom panel: Flag-TF and
GAPDH expression in HEK293 cells(B) Immunoblots showing charged fractions of Flag-TF in the wiltype and CaMKK2 KO HEK293 cells. The red arrow
represents P-TF. Blue square represents HMW TRC) Scatter plot showing the relative amount of P-TAN D 4 from 4 independent experiments. Thep-value byt-test
(unpaired).(D) Immunoblots showing the presence of the TF and absence of the &MKK2 in the Flag-TF immunoprecipitated fraction. The samprotein fraction was
also immunoblotted with the pan-P-ser speci ¢ antibody.(E) Immunoblots showing the relative shift of crosslinked CaMKKand TF in Flag-TF expressed wild-type
and CaMKK2 KO HEK293 cells. The red squares represent the @ive shift of the crosslinked proteins. Black Square repsents native non-crosslinked form, shifted
bands are numbered in Arabic numerals(F,G) Immunoblots showing TF and CaMKK2 associated MPCs in mouse \d-type and CaMKK2 KO DRG tissues and
Flag-TF expressed wild-type and CaMKK2 KO HEK293 cells. Dtd vertical lines indicate vertical alignment of the co-rgrated protein complexes. Colored circles
indicate MPCs. ns, Non-speci c. The Coomassie stained gel sip on the top panel showing native page molecular weight ladker.
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crosslinked Flag-TF appeared as 2 major shifted bandsl80— following 4h of 25ng/ml FITC-TF treatment indicating
240 and> 240 kDa (red squares, numbered 4-5)gure 3.  reduced internalizationKigures 4A,B red square). In addition,
The formaldehyde crosslinked TF associated bands displayedise treatment with 2Bg/ml FITC-TF for 4h followed
a comparative di erence between the wild-type and CaMKK2by replacement of the extracellular uid with serum-free
KO cells Figure 3D, compex-5) indicating a di erence in the medium and subsequent 24 h of incubation revealed signitcan
association with interacting proteins. The relative positad the  retention of membrane-bound FITC-TF in CaMKK2 KO cells
native CaMKK2 and Flag-TF shifted to multiple HMW bands in compared to the wild-type cellsFigures 4C,Q) red arrows,
the crosslinked samples which suggested a shift in mass duednd squares). Overall, this indicates that loss of CaMKK2
crosslinking with interacting proteins, however, the als=of  signi cantly altered TF uptake and internalization which
any overlap between CaMKK2 and TF associated bands indicatessociated with reduced P-TF in CaMKK2 KO HEK293
the absence of any direct interaction. cells.

BN-PAGE/SDS-PAGE was used to study the dynamics of TF
and CaMKK?2 associated protein complexEigre 3F. InBN-  |oss of CaMKK2 Leads to Abnormal Ca 2€
PAGE/SI;)S-PAGE, the rstdimension native BN-PAGE.separ.ateRe|ease Response
the muliiprotein complexes (MPGS) anq the 2m_j dlmenSIonIn order to see if a loss of CaMKK2 leads to the abnormal
denatured SDS-PAGE separates interacting protein component{acellular CAS response, we treated wild-type and CaMKK2

in the MPC which appears on a vertical lin&gbbir et aI.,. KO HEK293 cells with 1M muscarine and measured the
2019. BN-PAGE/SDS-PAGE revealed that TF formed 4 majofgnara) dynamics of intracellular @ using cell-permeant

MPCs at 720, 480, 242, and 100 kDa in the wild-type
DRG tissuesKigure 3F blue, green, and red circles). CaMKK2
isoforms formed MPCs at 1,200 and 66 kDa igure 3K
orange and pink circles). The CaMKK2 MPCs were absent in th
CaMKK2 KO mouse DRG tissuefi@ure 3F. The absence of

ical ali f1h ve CaMKK2 and TF . treatment elicited an immediate spike (within seconds)dwiéd
any vertical alignment of the native Ca an assomate_ y a sustained elevation in intracellular €ain the wild-

MPCs indicates that these proteins do not associate direatly ltype cells in presence of &ain the extracellular environment
a stable protein comple_x. The relative positio_n of thé20 and (Supplementary Figure 2Ablue line). In CaMKK2 KO HEK293
480 kDa TF MPCs shifted (blue and green circle) and B2 oy¢ "y scarine treatment caused a similar spike followed b
and 100 k_DaTF MPCS (red cwgle) dl_sappeared in the CaMKKQa drop and then an exponential increase in intracellula”€a
KO DRG tissuesRigure ,3F)' This indicates that the dynamic (Supplementary Figure 2Ared line). At 3.5min of muscarine
appearance of TF associated MPCs depends on CaMKK2. o aiment, the intracellular C& release was signi cantly lower

The dynamics of TF and CaMKK2 associated MPCs WETf caMKK2 KO cells compared to the wild-type cells which was

also studied in Flag.-TF overexpre§sing wild-type and CaMKKZ,\ arsed at 10 min of treatmen$(pplementary Figures 2B,
KO HEK293 cellsKigure 3G). In wild-type HEK293 cells, TF Thus, the dynamics of muscarinic receptor ligand-induced

appeared as multiple MPCs -, 200, 1’209_480’ and 242 kDa C&C response was altered by loss of CaMKK2. Interestingly,
(blue and red rectangles) and _Cal\_/IKKZ |soforms _appeared # absence of G& in the extracellular media, CaMKK2 KO
242 kDa (redrectangle), respectiveygure 3G. This di erence o5 ayhibited a signi cantly reduced amount of Earelease

indicates potential cell type-speci ¢ di erence in the intetiag compared to the wild-type cellS(pplementary Figures 2E)F

pr(;teins. In CaMI'<(K2 KO HEK293 cells, TF_aslsogia:ee]izo% These indicate that CaMKK2 loss may a ect plasma membrane/
and 1,200-480 kDa MPCs were comparatively decreased agd,njasmic reticulum-bound ion channels as well a$Ca
CaMKK2 isoform associated MPC disappeardedgyre 3G). bu er proteins

In wild-type HEK293 cells, TF and CaMKK2 isoforms both

vertically aligned at 242 kDa, but the 242kDa TF MPC wa: S
not shifted in its relative position in CaMKK2 KO condition iOSS of CaMKK2 UquUItOUS|y and

which indicates that these proteins are not associated in theigni cantly Reduced P-TF but Total TF

same complex though they appeared vertically aligned in théVas Altered in a Tissue-Speci ¢ Manner

BN-PAGE. TF promoter-trapped GFP reporter expression in the mouse

central and peripheral nervous system (CNS and PNS)

) (GENSAT: Gene Expression Nervous System Atlas project,

Loss of CaMKK2 Leads to Defective TF Rockefeller University, New York, USA) revealed that TF

Uptake and Internalization is expressed in the neurons of the spinal cord, olfactory

RFP tagged TFR was expressed in the wild-type and CaMKHKsilb, cortex and cerebellumFigure 5A). Immunoblotting

KO HEK293 cells and FITC-conjugated TF (FITC-TF)revealed expression of CaMKK2 isoforms equivalent to

uptake and internalization were studied to see the e ect off5 and 70 kDa proteins in the DRG (b), cerebellum (c),

CaMKK2 loss Figure 4. RFP-TFR was localized in the cell olfactory bulb (d), cortex (e) and liver (f) tissueBigure 5).

membranes Kigure 4A, red arrow). Internalized FITC-TF In CaMKK2 KO mice, protein bands corresponding to

associated vesicular structures were signi cantly reduceCaMKK2 isoforms were absent as expect&igires 5B—F.

in the CaMKK2 KO cells compared to the wild-type cellsThe relative amount of TF was signicantly decreased

uorescent calcium indicator (Fluo-4). The HEK293 cells

endogenously express muscarinic receptors and exhibit G-
protein coupled intracellular G& release response upon

fuscarine treatment Hussmann et al., 20)1 Muscarine
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FIGURE 4 | Aberrant TF uptake and traf cking in the CaMKK2 KO HEK293 cadl (A) Live confocal uorescent images showing localization of FITOF and RFP-TFR
in the wild-type and CaMKK2 KO cells. The red arrow indicatethe membrane localization of TFR(B) Whisker plot showing relative intensity of the internalideTF.
Red square represents 100mv2 intracellular area used to measure the relative intensityf mternalized TF. Thep-value calculated byt-test (unpaired).(C) Live
confocal uorescent images showing membrane-bound FITC-TF fier 24 h of incubation in serum-free media following pulser¢atment with 25mg/ml FITC-TF for 4 h.
The red arrow indicates the membrane localization of TFR anéITC-TF.(D) The red and green channel images presented iC) were stitched together to create an
intensity pro le plot for the blue rectangular marked area. fie pro le plot was then used for calculating the relative perentage of membrane-bound FITC-TF. The peak|
area in the red rectangles represents membrane-associate@FR and FITC-TF. All confocal (Zeiss, LSM510) images were takusing the same image acquisition
parameters for the wild-type and CaMKK2 KO cells. The imageralysis was performed using ImageJ software(E) Whisker plot showing relative percentage of TF
associated with the membrane.N D 50 from 2 independent experiments. Thep-value calculated byt-test (unpaired).

in CaMKK2 KO DRGs (g) and liver (k), signicantly abundance of TF was regulated by CaMKK2 in a tissue-speci c
increased in the olfactory bulb (i) and cerebellum (j), andmanner.

remained unaltered in cortex (k) tissues compared to the IEF/SDS-PAGE revealed that TF appeared as 2 charged
wild-type mice Figure. This indicates that the relative fractions in pH 3-4 and 5-6 regions in the DRG tissues (a)
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FIGURE 5 | Loss of CaMKK2 differentially affected relative abundancef total TF in a tissue-speci ¢ manner in the CaMKK2 KO mouse(A) TF promoter-trapped
GFP reporter expression in adult, postnatal (P7) and embryic 15.5 stage spinal cord, DRGs and adult brain tissues (fower line: IF181). The images were obtained
from The Gene Expression Nervous System Atlas (GENSAT) Rrcf, NINDS Contracts NO1INS02331 & HHSN271200723701C to The Bckefeller University (New
York, NY). Top panel: GFP-immunostaining of paraf n-embeded sections. Bottom panel: GFP epi uorescence in cryomicradme sections. (B—F) Immunoblots
showing expression of CaMKK2, TF, and ERK1/2, VDAC1, histon& (H1), nucleophosmin (B-23), and GAPDH in different aduthouse tissues.(G—K) Scatter plot
showing the relative amount of TF in different adult mousessues. DRG tissue: ERK1/2 used for normalizatiorl\ D 8 replicates from 4 mice in each category.
Olfactory/cerebellum tissues: GAPDH/B23 used, respectivgl for normalization.N D 10/5 replicates from 3 KO and wild-type mice, respectively. Grtex/Liver tissues:
VDAC1/H1 used, respectively, for normalization\ D 8/6 replicates from 3 CaMKK2 KO and wild-type mice, respectiely. Thep-value byt-test (unpaired).
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and 3 charged fractions in pH3-4, 5-6, and 9-10 regions signi cantly decreased in both early and late 3xTg-AD cgrte
in the olfactory bulb (d), cerebellum (e), cortex (f), angei tissues compared to the wild-type mic€&igures 7D-G red
(g) tissues Figure 6). In DRG tissues, the P-TF focused spot inrectangles).

pH 3-4 fraction (peak pro le numbered 2 ifrigure 6B black

arrow), was quanti ed and found signi cantly reduced in the Altered TF MPCs Were Associated With

CaMKK2 KO DRGs compared to the wild-typéigure 6C). 3xTg-AD Mouse Cortex and Hippocampus

The relative amount of P-TF was signi cantly reduced in theTF appeared as 2 MPCs atL,000 and 720 kDa in 14 months
CaMKK2 KO mice offactory bulb (h), cerebellum (i), cortex (i) old mice cortex and hippocampus tissueBigure 8A). The
and liver (k) tissuesRigure 6, red rectangles). This indicates that re|ative abundance of 1,000 kDa TF MPC was signi cantly

loss of CaMKK2 ubiquitously reduced TF phosphorylation. decreased in both the hippocampus and cortex of the late-stage
3xTg-AD mice Figures 8A,B red rectangles). This indicates
Altered CaMKK2 and Signi cantly that the altered negative charged fraction of CaMKK2 in 3xTg-

AD mice brain tissues is associated with decreased P-TFhwhic

Reduced P-TF Is Associated With Early a ected the dynamics of TF associated protein complexes.

and Late-Stage of AD in 3xTg-AD Mice
The triple transgenic 3xTg-AD mice were used to study theP-TF Was Signi cantly Reduced in the

charged fractions of CaMKK2 and TF during the progressiongarym of CaMKK?2 KO and 3xTg-AD

of AD. Only femalg 3ng-AD.m0use mice were used to av9| he relative abundance of TF remained comparatively unaltere
gender reported di erences in neuropathology and behaworin CaMKK2 KO serum FEigure 80). However, the relative
(Hirata-Fukae et al., 2008; Gimenez-Llort et al., 2010; &arc oy el of P-TE was signi cantly reduced in CaMKK2 KO

Mesa et gl., 2011L; He.bda-Bauer.et al., 078 progrgssive serum Eigures 8D,E red rectangles). This indicates that
increase in the A peptide deposition was detected in SOME|nss of CaMKK2 decreased serum P-TE level which may

brain regions of 3xTg-AD mice as early as 3-4 montisi{o  gor e 55 5 potential biomarker for AD. TF in 3xTg-AD
et aI.,_200)3_, Synaptic transmis_sion and Iong-_term potentiation g\, appeared as 75 and 50 kDa proteins (p75-TF and
were impaired at 6 months in 3xTg AD miced(ldo et al., 5o TF) " Eigure 94). The relative abundance of TF in
2003. Conformationally altered and hyperphosphorylated tauearly-stage 3xTg-AD mice was not signicantly altered
was detected in the hippocampus of 3xTg-AD mice at 12-1 igures 9A,Q, but in the late-stage 3xTg-AD mice, serum
months Oddo et al., 2008 Therefore, 6 months and 14 months 1 level was signicantly decreased compared to the wild-

were considered as an early and late stage of AD in the BXTg'AQpe Figures 9B,0). IEF/SDS-PAGE revealed comparatively

mouse model and studied. decreased P-TF in the serum of both early and late 3xTg AD

. The ‘molecular _weight- and pl of the mouse Ca'lechompared to the wild-typeKigures 9E,F red rectangles). This
isoforms __ (transcript 1D ENSMUSTO00000111668.7 an‘?Indicates that the P-TF prole, not the total TF level in the

ENSMUST00000200109.4, - respectively) were theoreticall¥,,m e ect the physiological condition of AD in 3xTg-AD
predicted as 73/59kDa and 5.27/5.31, respectively by EXPASYice

Compute pl/MW tool (Gasteiger et al., 20R3EF/SDS-PAGE
of age and sex-matched early 3xTg-AD and wild-type corteX'he Relative Abundance P-TF Was Altered

tissues revealed the presence of3 and 59 kDa CaMKK2 .
proteins corresponding to isoform-1 and -2, respectivel)}n the CSF and Serum From Early and

(Figure 7A). Plot prole of the focused CaMKK2 isoform 1 Late-Onset Human Postmortem AD
spots Figure 7B) revealed a comparative dierence betweenPatients
the wild-type and 3xTg AD mice in the intensity of the Total TF and the P-TF level were analyzed in the postmortem
red arrow marked peak which is more negative shiftedhuman CSF and serum samples from EOAD patieiiab(e 3.
IEF/SDS-PAGE study of the immunoprecipitated CaMKK2Matched Serum and CSF from the same individual was
from mammalian cells by Green et al. showed that theavailable for 2 age-matched EOAD and 2 una ected control
multiple CaMKK2 focused spots as observed in this studpatients {able 3. Matched serum and CSF samples were
were positive for anti-P-Ser antibody and mutation ofavailable from 3 LOAD and 1 unaected control patients
S129A, S133A, and S137A lead to the disappearance of tfiable 3. Total TF was signi cantly reduced in the CSF from
majority of the spotsGreen et al., 20)1Validated P-CaMKK2 EOAD patients compared to the age-matched una ected
antibodies are not available. Comparatively more negativeontrols Supplementary Figures 3A,) IEF/SDS-PAGE of
pl/pH shifted fraction of the CaMKK2 was considered asthe CSF samples from the same group of EOAD patients
potentially phosphorylated and relative quanti cation relezh revealed comparative reduction/loss of P-TF compared to
signi cant reduction of the CaMKK2 negative charged franotio the una ected control, except one patient (patient ID: 12772,
(red arrow marked fraction) in the early 3xTg-AD cortex Table 3 who was diagnosed with both AD and schizophrenia
tissues compared to the wild-type micerigures 7A—Q.  (Figures 10A,B red rectangles). Matched serum from 2
TF in the early and late 3xTg-AD cortex tissues appeareBEOAD patients (ID: 12772 and 13373) exhibited unaltered
as 4 major charged fractions in pHLO, 7-8, 5-6, and total TF level Supplementary Figures 3CF but the P-TF
3-4 regions Figures 7D,E colored rectangles). P-TF waslevel was reduced compared to the age-matched una ected
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FIGURE 6 | P-TF was ubiquitously and signi cantly reduced in the CaMKKZXO mice. (A,D-G) Immunoblots showing charged fractions of TF. Rectangle aresa
represent charged fraction of TF at different pH/pls. The redreow/red square indicates altered P-TF (pH 3-4 fractions). The green rectangle area represents TF
fraction which was used to normalize the intensity of the pH3-4 fractions in the red square area(B) Intensity pro le of the focused spots presented in the
immunoblots in (A), blue squared area. The spots are marked with Arabic numersland spot 2 was quanti ed. (C) Scatter plot showing the relative intensity of spot 2
in pH 3-4 fractions of TE.N D 7 replicates from 3 mice in each category. The-value byt-test (unpaired).(H-K) Scatter plot showing the relative amount of P-TF
(pH -4 fractions) in olfactory bulb, cerebellum, cortex and lar tissues, respectivelyN D 5/4/7/8 replicates from 3 to 4 KO and wild-type mice, respectivdy. The

p-value byt-test (unpaired).
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FIGURE 7 | Altered CaMKK2 and reduced P-TF in 3xTg-AD mice(A) Immunoblot showing charged fractions of CaMKK2 isoform 1 an@ in 6 months' old wild-type
and 3xTg-AD mice. Colored arrows indicate different charge fractions. Linear pH 4-7 IPG strips were used to resolve clady spaced CaMKK2 charged fractions.
(B) Plot pro le showing relative intensity of the focused CaMKK2soform-1 spots. (C) Scatter plot showing relative percentage of the comparatily more negative
charged fraction (red arrow) of CaMKK2 isoform-1. The spotsarked with black arrows were used for normalization becaustheir intensity was not altered in different
categories. (D,E) Immunoblots showing charged fractions of TF in 6 and 14 monthsld 3xTg-AD mice cortex tissues. The colored rectangle indates different
charged fractions. (F,G) Scatter plot showing relative intensities of the P-TF (reg:ctangle). The intensities of pH 5-6 fractions were used for normalizationN D 6
replicates from 3 mice in each category. The-value byt-test (unpaired).
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FIGURE 8 | Altered TF associated protein complexes in 3xTg-AD mice ctex and hippocampus, and signi cantly reduced P-TF in CaMKKZO mice serum.

(A) Immunoblots showing TF associated MPCs in the cortex and hippcampus tissues from 14 months old wild-type and 3xTg-AD mie. The Coomassie stained gel
strip on the top panel showing native page molecular weigheldder. Colored squares represent a change in the relative tensity. (B) Scatter plot showing relative
intensities of 1,000 kDa TF associated MPC. The intensity of the 720 kDa complex was used for normalization(C) Immunoblot showing total TF level in the serum
(top panel). Bottom panels: SDS-PAGE gel stained with Or®lto show total protein loading.(D) Immunoblots showing charged fractions of TF in the serum. Pteins
were focused on IPG pH3-10NL strips (top panel) and IPG pH3-6Ltsps (bottom panel), respectively. The red dotted rectarig indicates P-TF (pH 3-4 fractions).
Blue dotted rectangles indicate HMW TH(E) Scatter plot showing relative abundance of P-TF in serum. hpH 3-4 fractions were normalized on the basis of pH 6
fraction intensities (green rectangle) in IPG pH3-6L strip&l D 6 replicates from 3 mice in all experiments. Th@-value byt-test (unpaired).

controls (igures 10C,D red rectangles). In addition, serum (pH 3-4 fractions) prole as a potential biomarker for
TF prole in these 2 EOAD patients resembled the CSFearly-onset AD.

TF prole in terms of reduced P-TF level. This indicates Total TF was comparatively reduced in the CSF of LOAD
that serum total TF level was not predictive of AD but thepatients compared to the unaected control but the serum
P-TF prole predicted diseased state. This supports P-THF level remained unalteredS(pplementary Figures 3G,H
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FIGURE 9 | Relative abundance of total TF and P-TF in the serum samplesoin early and late 3xTg-AD and age-matched control mice(A,B) Top Panels:
Immunoblots showing total TF level in the serum. Bottom pansi SDS-PAGE gel stained with Oriole to show total protein lafing. Black arrows indicate the band
used for normalization of total TF in the serum(C,D) Scatter plot showing relative abundance of TF in the serunN D 8 (2 replicates from 4 mice in each category.
The p-value byt-test (unpaired).(E,F) Immunoblots showing charged fractions of TF. Red dotted areandicates P-TF (pH 3-4 fractions). Colored dotted rectangles in
(F) indicate different charged fractions of the TF that also exhited the marked difference between wild-type 3xTg-AD mie.

IEF/SDS-PAGE revealed a comparative reduction of P-TF ih botcells signi cantly reduced pH3-4 fraction of TF containing

serum and CSF from the LOAD patients compared to the agepotentially phosphorylated Ser/Thr/Tyr residues. This basic
matched una ected controlRigures 10E, . This indicates that nding was then extensively validated using multiple CaMKK2
the P-TF pro le in both serum and CSF may serve as a potentiddO human cell lines as well as CaMKK2 KD cultured primary

biomarker for the late-onset AD. adult rat DRG neurons. In addition, it has been shown that
loss of CaMKK2 disrupted intracellular TF uptake and increased
DISCUSSION the membrane-associated fraction of TF. This provided a

mechanistic explanation for the aberrant TF turnover in the
This study reports that the relative amount of phosphorylatedorain and liver tissues due to the defective TF tra cking
TF corresponding to an acidic fraction of pl/pH3-4 may under CaMKK2 loss of function condition. Dysregulated
serve as a potential biomarker for AD. Conceptualization of£&“/CaMKK2 or its upstream kinases in the AD has been
this study was based on the initial proteomics and masgeported Supnet and Bezprozvanny, 2010; Wang et al., 017
spectrometry-based nding that KD of CaMKK2 in the neuronal Therefore, one of the logical outcomes of this study was ptoeg
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TABLE 3 | Postmortem human AD and age matched unaffected control paéint sample information.

Patient ID Fluid Disorder Age (years) Sex

EOAD samples ( <65 years)

7626 CSF & Serum Unaffected control 57 Male
13872 CSF & Serum Unaffected control 57 Male
12772 CSF & Serum Alzheimer's disease 52 Male
13373 CSF & Serum Alzheimers disease 59 Male
5854 CSF Alzheimer disease 56 Female
5955 CSF Alzheimer disease; amyotrophic lateral sclerosis 58 Male
6143 CSF Alzheimer disease; schizophrenia 59 Female
5985 CSF Unaffected control 55 Male
6051 CSF Unaffected control 52 Male
LOAD samples ( > 65 years)
5824 CSF & Serum Unaffected control 74 Male
5963 CSF & Serum Alzheimer disease 76 Male
6010 CSF & Serum Alzheimer disease 78 Female
6078 CSF & Serum Alzheimer disease 74 Male

the possibility that altered CaMKK2 in the AD brain due to will provide a guideline for future epitope selection. In adalitj
dysregulated C& may lead to the secretion of hallmark P-TF in the presence of potential phosphorylated Tyr residues suggested
the serum which in turn may serve as a potential biomarker fothat a tyrosine kinase may be involved. CaMKK2 has been
AD. Interestingly, the relative abundance of TF was sigantly ~ known to regulate tyrosine kinases, for example, loss of CaMKK2
increased or decreased in a tissue-speci ¢ manner but thé& P-Tuncoupled agonist-stimulated Toll-like receptor 4 (TLR4) from
level was ubiquitously decreased in the CaMKK2 KO miceactivation of protein tyrosine kinase 2 (PYKZR&cioppi et al.,
Aberrant CaMKK2 in the early and late stage of the disease01). CaMKK2 kinase activity assay using TF as a substrate
in 3xTg-AD mice associated with the reduction of P-TF in theis another experimental approach to address this question.
cortex and signi cant reduction of TF associated MPCs in bothHowever, success in such experimental approach depends on
cortex and hippocampus. Serum P-TF was signi cantly reducedlentifying the specic CaMKK2 isoform responsible for TF
in the CaMKK2 KO mice and comparatively reduced in thephosphorylation as well as understanding the requirement for
early and late-stage 3xTg-AD mice which further supported thespeci c CaM component integral for such kinase activity, vihic
potential of P-TF as a serum-based biomarker for AD. This ted tis the scope for future studies.
the analysis of P-TF pro le in postmortem human CSFand serum The function of the potential novel P-TF residues
samples. Analysis of the CSF and serum from postmortem Alre not known but bioinformatics analysis suggested
patients revealed a comparative reduction of P-TF in both EOABBome important features. Majority of the P-TF residues
and LOAD patients compared to the una ected control whichhave surface accessibility which indicates functional
associated with the disease condition. This supported thBEP- relevance $upplementary Figure 4A. The Tyr257/333/338,
(pH 3-4 fraction) pro le may serve as a potential biomarker for Ser381/389/409/511, and Thr586 residues are conserveddretw
AD. In addition, this study is the rst report linking abnorma dierent mammalian species Supplementary Figure 1A
CaMKK2 with TF tra cking and turnover which may provide a The Ser381/389 and Thr392/393 residues positioned within
novel insight into the neurodegeneration process. the conserved TFR binding site identied by cryo-electron
Does CaMKK2 directly phosphorylate TF? Chemicalmicroscopy (residues 349-372YI{eng et al., 2004 radiation
crosslinking study, immunoprecipitation and native MPC footprinting (residues 381-401)L{u et al., 2003; Xu et al.,
analysis provided an indication that CaMKK2 may not be the2005 and epitope mapping (residues 365-40T)elf et al.,
kinase directly associated with TF and therefore, may not b2005 (Figures 1F,G Supplementary Figures 1A 4A). Loss
catalytically involved in phosphorylation. The pan-phosphoof phosphorylation at Ser381/389 and Thr392/393 may a ect
serine speci ¢ antibody was not able to recognize the P-Tiy(Seinteraction of TF with TFR \(Vally et al., 2006 P-TF(T392/393)
epitopes in the immunoprecipitated Flag-TF however, ithas been previously detected in mass spectrometric analysis
recognized P-Ser residues in the monoclonal immunoglatsuli of cytoskeleton-associated proteome in Hela cells (GPM ID:
(heavy chains) used for immunoprecipitation. Mouse Ig heavycPM70110006894)0zIu et al., 201)) The Ser409 residue is
chains are frequently phosphorylated at multiple Ser residudscated in close proximity to one of the iron binding residue
(www.phosphositeplus.orgyfiong and Wright, 2013; Hornbeck (Asp411) in the C-lobe of TFYang et al., 20)zand conserved in
et al.,, 201p TF phosphorylation-state speci c antibodies aredi erent mammalian species andS(pplementary Figure 1A
required to study the observed complex phosphorylatiorHigh stringency protein motifs search by the ScanSite
patterns. The phosphorylated peptides identi ed in this study*MotifScan” module function Qbenauer et al., 2003

Frontiers in Molecular Biosciences | www.frontiersin.org 19 November 2018 | Volume 5 | Article 99



Sabbir Phosphorylated-Transferrin as Biomarker for Alzheimer's

FIGURE 10 | Relative abundance of P-TF reduced in the CSF and serum of pasortem human EOAD and LOAD patients compared to the contrsl

(A,C,E,F) Immunoblots showing charged fractions of TF in the CSF and sem samples of postmortem human EOAD and LOAD patients and urffected controls.
(B,D) plot pro le of the immunoblots presented in(A,C). The plot pro le was created using ImageJ. Red marked are repreents P-TF (pH 3-4 fractions). Detailed
sample information is given iffable 3. The Red highlighted samples represent matched serum and GScollected from same individual.

revealed a plurality of short motifs putatively concernedP-TF residues Supplementary Figures 4B,C For example,
with protein interactions and signal transduction moleaule the Tyr333/336/338 residues overlapped with potential
including two SH2 target sequences, a tyrosine kinas®DPK1 binding motif Supplementary Figures 1A 4B,C).
three acidophilic kinase, a Ser/Thr kinase, and a prolineThe P-TF (Tyr333) residue in the PDPK1 binding motif
dependent Ser/Thr kinase binding sites, as well as consens@? M,YLGYEYVTAIR*3 GPM ID: GPM32310000046) has
binding sites for 3-Phosphoinositide-Dependent Proteinbeen previously detected in the proteomic analysis of human CSF
Kinase 1 (PDPK1 or alternatively PDK1), overlapped théChiasserini et al., 20)4This motif is highly conserved among
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di erent vertebrate speciesSupplementary Figure . PDPK1 from the blood via TFR mediated endocyto&isf{dbury, 199y
is a master serine/threonine kinase that phosphorylates AG(Figures 11B,J. After endocytosis, the acidic environment of
family of protein kinases (cCAMP-dependent, cGMP-dependenthe early endosomes triggers the release #f fiem the TF-TFR
and protein kinase C)Alessi et al., 1997; Chou et al., 1998complex, which is recycled to the plasma membrane via recycling
Manning and Cantley, 2007 Pelkmans et al. used a high endosomesNills et al., 201} How iron subsequently exits the
throughput RNA interference combined with infectious virus brain capillary endothelial cells and reach the brain extitatze
(vesicular stomatitis virus, VSV) entry and orescent-Tptake  uid is less well understood4ltamura and Muckenthaler, 2009
assay to study the human kinases associated with clathnid- a Interestingly, CaMKK2 has been known to confer protection
caveolae/raft-mediated endocytosiBe(kmans et al., 2005 to the endothelial cells that primarily constitute BBBlgrcelo
Interestingly, they found silencing CaMKK2 isoform-1 in et al., 201 CaMKK2 KO mice displayed loss of BBB collagen
HelLa cells lead to decreased accumulation of uorescent-TR/ protein and reduced expression of extracellular matrix-
in enlarged cytoplasmic structures (data accessible at wwwegrading, C& dependent matrix metalloproteinases (MMP)
genomernai.org) felkmans et al., 20P5In the same study, 2/9 (Mccullough et al., 2013; Liu et al., 2Q1& herefore, it is
silencing PDPK1 resulted in a comparatively lower VS\possible that aberrant CaMKK2 may alter the TF cycle through
infection and exhibited toxic e ect to TF uptakePélkmans the BBB.
et al., 200k This indicates possible link between PDPK1 and Histological analysis revealed that aberrant extracelllikar
CaMKK2 in regulating TF uptake or tra cking. The function is distributed around the senile plagues in human AD brain
of phosphorylated TF needs future studies to understand antjssues which stained positive for iron accumulatichoqinor
biological relevance. et al., 199 High iron concentration in the brain and mutations
CaMKK?2 is widely expressed in the neurons of rodent CN3n the genes associated with iron metabolism were found
and PNS Ohmstede et al., 1989; Anderson et al., 1998; Sakagaassociated with neurodegenerative disorders (AD, PD, and
et al.,, 1998; Vinet et al., 2003Alternative splicing of exons HD) which suggest that iron misregulation in the brain plays
14 and/or 16 and usage of dierential polyadenylation sitesa part in the neuronal deathKe and Ming Qian, 2003
generates several transcriptional isoforms of CaMKK2 that arNeurodegeneration with brain iron accumulation (NBIA) is a
expressed in a tissue-speci ¢ manneiis( et al., 2000l The group of neurodegenerative diseases characterized by eases
CaMKK?2 (C16) transcript is highly enriched in the cerebellumiron accumulation in the cerebellum and cerebellar atrophy
and hippocampus @hmstede et al., 19890verexpression of (reduction in Purkinje cells) in some subtype&regory and
(C16)-transcript leads to neurite branching whereds16)- Hayick, 1993; Levi and Finazzi, 2014; Arber et al., 2016
transcript promoted neurite elongationC@o et al., 20)1 CaMKK2 KO mice exhibited morphological and physiological
Emerging evidence suggests that altered neurogenessattiit  de cits in the Purkinje cells Ribar et al., 2000; Kokubo et al.,
hippocampus represents an early event in the course of AR009. Dysregulation of the intracellular Ga homeostasis was
(Mu and Gage, 20)1The 1 14/16 CaMKK2 isoforms lead to suggested underlying the development of ADhipault et al.,
loss of detectable kinase activity toward CaMKI and CaMKIV2007; Hermes et al., 2010; Berridge, J0The two pathological
whereas full-length CaMKK2 isoforms exhibited kinase dtgtiv hallmarks of AD are the presence of neuro brillary tangles{(N
to both eectors as well as autophosphorylation activitymade of aggregates of the hyperphosphorylated tau protein and
(Hsu et al., 2001 CaMKK2 has been implicated in cAMP- of amyloid plagues composed ofoApeptides, primarily Al-
responsive element binding protein (CREB) activation andiO and A1-42 Ballatore et al., 2007; Serrano-Pozo et al., 2011;
memory consolidation process in the hippocamp@(erling, Doig et al., 201) The failure of all drugs targetinglAlead to
1999; Corcoran and Means, 2001; Soderling and Stull, 200the necessity of alternative hypothesizo(g et al., 201y The
Wayman et al., 20Q8Loss of CaMKK2 a ected the formation of calcium hypothesis of AD has now become more relevant in
hippocampus-dependent long-term memo#ydters et al., 2003  the recent years/A(zheimer's Association Calcium Hypothesis,
Therefore, altered CaMKK2 in 3xTg-AD mice cortex may suggest017). The molecular mechanisms that regulate temporal and
dysfunction of the protein which may a ect neurite branching spatial neuronal C%, the role of altered C& in various
and memory consolidation process. subcellular compartments and how such alterations a ect the
The CaMKK2 and TF expression pattern areperformance of neurons under various conditions, rangirair
overlapped in the human nervous system and livehealthy state to deterioration in performance during agimé\@®
tissues $upplementary Figures 5 6). This indicates that has become a major focus of researélrfieimer's Association
dysfunctional CaMKK2 may directly impact TF abundance andCalcium Hypothesis, 20).7This study clearly showed that loss of
phosphorylation which in turn may alter brain iron level leadi CaMKK?2 leads to cholinergic signaling mediated abnorma&-<Ca
to neurodegeneration. Cells in the nervous system do nothawesponse which may be associated with abnormal TF tra cking
direct access to nutrients, including irorR¢uault, 2018 TF  (Supplementary Figure 2. However, the exact causative factor
secreted by the liver in the serum function to deliver iron tofor Ca© dysregulation during the progression of AD is not
di erent organs including brain, see a model Figures 11A,B  known. It has been shown thatbApeptides (4 1-42) alter
(Sawaya and Schae er, 1995F and TFR mediate uptake of iron intracellular C&® through NMDA receptors in mouse cortical
across the blood-brain-barrier (BBBB(ightman et al., 1970; neurons which in turn lead to the phosphorylation of tau by
Ballabh et al., 2004The generally agreed mechanism is that theAMPK through CaMKK2-AMPK signaling pathwayf (iornton
brain capillary endothelial cells absorb iron-bound TF @dIF) et al., 2011; Mairet-Coello et al., 201 the present study, the
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FIGURE 11 | Model showing intracellular iron transport and transport eross Blood-Brain Barrier (BBB)(A) Diagrammatic representation showing Liver and brain as 2
organs in human involved in the production of TRB) Mechanism showing how iron crosses the BBB. Holo-TF circul@s through the brain capillaries and comes in
contact with the luminal TFR which then internalize TF bounidon. The iron exporter ferroportin may allow iron to crosshie abluminal membrane of the endothelial cell
to enter the interstitial uid. Most TF in the brain interstiél uid is synthesized and secreted by oligodendrocytes as po-TF. Neurons and glia may acquire most iron
through the TFR and holo-TF that is present in the interst@i uid and cerebrospinal uid. (C) Molecular mechanism showing intracellular iron transparMost cellular
uptake of ferric iron (FEC) occurs via receptor-mediated endocytosis of TF. F¥ ions form complexes with the high-af nity iron binding TF, with then binds to TFR.
After endocytosis of TFR, the acidic environment of the earlendosomes triggers the release of F&C from the TF-TFR complex, which is recycled to the plasma
membrane via recycling endosomes. Ferric reductases lociaked to the endosome reduce F&c (ferric) to its F&c (ferrous) form before F&C is released into the
cytosol by the divalent metal transporter-1 (DMT1) in an T‘I-dependent manner. F&C may also be sorted into late endosomes (LE) and lysosomes (),Ywhere it is
reduced to Fe2C by ferric reductases. In LE and LY, F&C can also be released by other endo-lysosomal iron release @mnels/transporters. Iron can then bind to the
chaperones that donate iron to speci c target proteins (not $iown) hilpott, 2012) or enter mitochondria through the dedicated mitochondrikiron transporters Chen
et al., 2009), where it is used for the synthesis of iron—sulfur cluste@nd haem Rouault, 2013). Iron can also be stored in cytosolic proteins such as feriit, which can
sequester up to 4,500 iron atoms QArosio et al., 2009. Ferritin sequestration of iron prevents free iron from aehing high concentrations in the cytosolic and nuclear
compartments (Arosio et al., 2009. Degradation of ferritin in lysosomes leads to the formatn of disorganized iron-rich deposits known as haemosideni (not shown)
(Cohen et al., 2010.

amount of TF was found signi cantly increased in the olfagto in the CaMKK2 KO liver indicates that liver may play role in the
bulb and cerebellum of CaMKK2 KO micd-igure 5. This  development of AD. Presenilin 2 (Psen2) is a component of the
provides a link to the olfactionEsiri and Wilcock, 1984; Kovacs g-secretase activity responsible for generatimgo proteolysis.
etal., 2001; Zou et al., 201 &oluntary motor activity and motor It has been shown that Psen2 mRNA accumulation takes place
learning (Guo et al., 2016; Jacobs et al., J0p&thologically in the liver but not in the brain, suggesting liver as the amigf

a ected during early stages of AD. A signi cant decrease of THorain Ab (Sutcli e et al., 201). Taking together all these ndings,
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it can be suggested that dysregulation of CaMKK2 in the brailMUTHOR CONTRIBUTIONS
and liver may lead to aberrant TF tra cking and turnover witic
in turn imbalance the iron homeostasis in the brain and lead t MS conceptualized, designed and performed the experiments,
the disease. analyzed the data and wrote the manuscript.

AD is one of the most prevalent dementia worldwid&h@rma
and Singh, 2016 The current diagnostic criteria for AD has FUNDING
included CSF biomarkers @Apeptides, Tau and P-Tau) which
are obtained by invasive lumbar punctures that cause nauseBhis work was supported by the Canadian Institutes
severe backache, and weakness in elderly pedplenfann of Health Research (CIHR), grants # MOP-130282
and Teunissen, 20)6There is an urgent need for minimal (Prof. Paul Fernyhough). Additional funding was
invasive serum-based biomarker that has a signi cant athge provided by St. Boniface Hospital Albrechtsen Research
in time- and cost-e ciency as well as patient acceptansedrma  Centre.
and Singh, 2016; O'bryant et al., 201 Plasma proteins of
amyloid pathology, circulatory miRNAs, cytokines, kinasesACKNOWLEDGMENTS
axonal proteins, lipids, and fragments of already known AD
markers are currently investigated for their potential asdd-  Dr. Paul Fernyhough, St. Boniface Hospital Albrechtsen Rekear
based AD biomarker(sta etal., 2013; Huynh and Mohan, 2017 Centre, Winnipeg, Canada, for research grant support; Dr. Gran
In addition, serum TF levelSquitti et al., 201)) desaturation Pijerce, Executive Director of Research, St. Boniface Hbspita
level of serum TF-iron f{lare et al., 201); glycosylated-TF in  Albrechtsen Research Centre, Winnipeg, Canada, for providing
CSF Guevara et al., 1998; Van Rensburg et al., 2000; Taniguahie article publication fee; Dr. Uma Sankar and Anuradha \aliy
etal., 2008; Shirotani et al., 2)Bhd serum {u et al., 200Bhas  Kambrath, Indiana University School of Medicine, USA, for
been proposed as potential AD biomarkers. The present studyroviding CaMKK2 KO mouse tissue samples; Dr. Benedict
has shown that the total TF level in the CSF of postmortent. Albensi and Dr. Jelena Djordjevic, St. Boniface Hospital
AD patients decreased compared to age-matched control by{lbrechtsen Research Centre, Canada, for providing 3xTg-
the serum TF level remained unaltered which makes total TRD mouse tissues; Dr. Jerey Wigle, St. Boniface Hospital
level unsuitable as a diagnostic biomarker. In additiorsslof  Albrechtsen Research Centre, Canada, for providing HepG2 cell
CaMKK2 mediated altered TF HMW fractions is an indication |ine; Dr. Asuka Inoue, Tohoku University, Japan, for providing
that glycosylated-TF (HMW) may re ect the diseased state i'rHEK293 cells; Jennifer Chung, Santa Cruz Biotechnology, Inc
AD. However, use of glycosylated-TF as a diagnostic bioerark USA, for providing numerous mouse monoclonal antibodies;
is a daunting analytical challenge due to inherent complexit\IH NeuroBioBank, USA, for providing CSF and serum samples
and variability in the glycans which is highlighted in thisidy  from postmortem Alzheimer's patients; Dr. Loren Oschipok ,
(Zhang et al., 2096 The consistent reduction of P-TF (pH3-  Technology Transfer Specialist, University of Manitoba, Canad
4 fraction) in the serum of CaMKK2 KO mice, 3xTg-AD mice, and Dr. Bram Ramjiawan, Director of Research Innovation
and in the CSF and serum from EOAD and LOAD postmortemand Regulatory A airs, St. Boniface Hospital Albrechtsen
human patients indicate that P-TF (pH3-4 fraction) proleisa Research Centre, Canada, for guiding through the invention
promising novel biomarker for AD. discloser process; Dr. Samantha Paul, St. Boniface Hospital

Overall, this study indicates a novel link between CaMKKZ2A|brechtsen Research Centre, Canada, for critically repthe
mediated regulation of TF tra cking and tissue-speci c tuaver  manuscript.

which provides a mechanistic insight into the neurodegetiena

process. Loss of CaMKK2 leads to a decrease in the3p# SUPPLEMENTARY MATERIAL

fraction of TF containing multiple phosphorylated residues and

overall data indicate that CaMKK2 is not the kinase directlyrpe Supplementary Material for this article can be found

involved in TF phosphorylation. In addition, this study &lso gpjine at:  https:/Avww.frontiersin.org/articles/10.388nolb.
indicates that aberrant CaMKK2 due to potentially dysregedat 5018 00099/full#supplementary-material

Ce® homeostasis in the AD .may lead to decreased sepretion gupplementary Figure 1| Conservation of TF amino acid sequence in vertebrate
phosphorylated TF (pH 3'4) in the CSF and serum which can species and mapping of the P-TF residues identi ed by mass spetrometry.

be used as a biomarker. (A) Clustal Omega Sequence alignment\(cwilliam et al., 2013 showing alignment
of mammalian TF protein sequences (Swiss-Prot manually antated and
reviewed sequences only: http://www.uniprot.org) from Hono sapiens (Human),
Pan troglodytes (Chimpanzee), Mus musculus (Mouse), Ratworvegicus (Rat),
ETH ICS STATEM ENT Sus scrofa (Pig), Oryctolagus cuniculus (Rabbit), Bos taus (Bovine) and Equus
caballus (Horse). Left column indicates UniProt unique ptein identi er number.
This study was carried out in accordance with theasterisk indicates positions which have a single, fully caerved residue. Colon
recommendations of NIH Neurobiobank with written informed indicates conservation between groups of strongly similaproperties. Period
consent from all subjects. All subjects gave written infedm indicates conservation between groups of weakly similar pperties. Color

. . . i) highlights showing residues in N and C subdomain of human THenti ed as
consent in accordance with the Declaration of Helsinki. Themteracting with hTFR. Speci c residues identi ed by cryo-EM(yellow rectangle)

protocol was approved by the St. Boniface HOSpital Albrecmse@heng et al., 2004 and epitope mapping (pink rectangle)Teh et al., 2005 may
Research Centre Biosafety committee. interact with TFR. Orange: overlap between cryo-EM (yellgvand epitope mapping
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(pink), green highlighted residues in the N-lobe that may tieract with the human
TFR(Cheng et al., 2004). Each of the homologous N and C terminal domains of TF
binds one ion of ferric iron. The amino acid residues involdein TF iron binding are
mentioned by light pink highlights\(vally et al., 2006; Noinaj et al., 2012; Wang

et al., 2015). (B) Phylogenetic tree of TF. The horizontal lines are branchesd
represent evolutionary lineages changing over time. The lges indicate the length
of the branch that represents an amount genetic change equalent to the length.
The units of the branch length are usually nucleotide substitions per site (the
number of changes or “substitutions” divided by the length 6the sequence). The
phylogenetic tree was constructed using Clustal Omega webdol.

Supplementary Figure 2| Muscarine treatment induced intracellular calcium
response in wild-type and CaMKK2 KO HEK293 cells(A,D) Line graphs showing
time-lapse Fluo-4 intensities in wild-type and CaMKK2 KO HE293 cells. Each
thin line indicates data obtained using from a single cell.ie thick line represents
the mean.N D 12. Detailed methodology is mentioned in the text(B,C,E,F)
Scatter plot showing Fluo-4 intensities in wild-type and CRIKK2 KO HEK293
cells following 3.5 and 10 min of 10mM muscarine. Data represent Mean SEM.
The p-value byt-test (unpaired).

Supplementary Figure 3| Relative abundance of total TF in the CSF and serum
samples obtained from postmortem human EOAD and LOAD patiés and age
matched unaffected controls.(A,C,G,H) Immunoblots showing expression of total
TF the CSF and serum samples. Bottom panels represent SDS-RAE gel stained
with Oriole to show total protein loading. Black arrow indiates the band used for
normalization of TF expression(B) Scatter plot showing relative abundance of the
TF in the CSF based on immunoblots shown ifA). (D,F) Scatter plot showing
relative abundance of the TF in the CSF and matched serum froiine same
individuals based on the immunoblots shown i{C). Black arrows in stained gel
indicates the band used for normalization of TF expressior{G,H) Immunoblots
showing expression of total TF the CSF and serum samples. Btim panels
represent SDS-PAGE gel stained with Oriole to show total ptein

loading.
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