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SUMMARY

Previously, we found that amyloid-beta (AB) competitively inhibits the kinesin
motor protein KIF11 (Kinesin-5/Eg5), leading to defects in the microtubule
network and in neurotransmitter and neurotrophin receptor localization and
function. These biochemical and cell biological mechanisms for Ap-induced
neuronal dysfunction may underlie learning and memory defects in Alzheimer’s
disease (AD). Here, we show that KIF11 overexpression rescues AB-mediated de-
creases in dendritic spine density in cultured neurons and in long-term potentia-
tion in hippocampal slices. Furthermore, Kif11 overexpression from a transgene
prevented spatial learning deficits in the 5xFAD mouse model of AD. Finally,
increased KIF11 expression in neuritic plaque-positive AD patients’ brains was
associated with better cognitive performance and higher expression of synaptic
protein mRNAs. Taken together, these mechanistic biochemical, cell biological,
electrophysiological, animal model, and human data identify KIF11 as a key
target of AB-mediated toxicity in AD, which damages synaptic structures and
functions critical for learning and memory in AD.

INTRODUCTION

The Alzheimer's disease (AD) brain exhibits the characteristic pathology of amyloid deposits, comprised
primarily of the amyloid-B (AB) peptide, and intracellular neurofibrillary tangles, comprised primarily of hy-
perphosphorylated forms of the microtubule associated protein tau. These hallmark pathological features
of AD, in tandem with many reports elucidating the toxic effects of the AB peptide, led to the amyloid
cascade hypothesis (Hardy and Higgins, 1992). This hypothesis postulates that the neuronal accumulation
of the AB peptide, a cleavage product of the amyloid precursor protein (APP), initiates a cascade of molec-
ular events that lead to the development and progression of the neuronal damage and cognitive deficits
associated with AD. The toxic effects of AB induce microtubule instability that can be directly linked to
cellular dysfunctions affecting synaptic plasticity, such as impaired organelle and receptor transport,
decreased dendritic spine density, and altered cell cycle regulation that leads to chromosome mis-segre-
gation (Ari et al., 2014; Geller and Potter, 1999; Golovyashkina et al., 2015; Potter et al., 2019; Spires et al.,
2005; Umeda et al., 2015; Wei et al., 2010; Wu et al., 2010). (Roussarie et al., 2020). Additional studies
showed that treatment with microtubule-stabilizing drugs can ameliorate some AD phenotypes, including
cognitive deficits, in model systems (Fernandez-Valenzuela et al., 2020; Penazzi et al., 2016; Zhang et al.,
2018). Taken together, these findings demonstrate that the microtubule network plays a major role in es-
tablishing and maintaining neuronal structures and functions that are necessary for learning and memory
and are disrupted in neurodegenerative diseases, such as AD (Dent, 2017).

In our previous search for potential mechanisms by which AB causes neurotoxicity, we discovered that the
microtubule motor proteins KIF11 (Kinesin-5/Eg5), KIF4A, and MCAK/KIF2C are inhibited by soluble AB
oligomers in a dose-dependent manner (Borysov et al., 2011). The inhibition of this select set of motor pro-
teins by AB leads to both microtubule and mitotic defects (Borysov et al., 2011). Furthermore, specific in-
hibition of KIF11 by the small molecule monastrol mimicked the toxic effects of A on the microtubule
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2B (NMDAR2B) neurotransmitter receptor. Michaelis-Menten kinetic analyses of KIF11 motor function
showed that the inhibition by AB was competitive (Borysov et al., 2011). KIF11 is linked specifically to AD
by the previously-reported association between a single nucleotide polymorphism (SNP) within the
KIF11 haploblock region and both AD and type Il diabetes, which is a major risk factor for AD (Feuk
et al., 2005), as well as the finding that KIF11 is expressed in post-mitotic neurons where it contributes to
neuronal structure and function (Freixo et al., 2018; Freund et al., 2016; Kahn et al., 2015b). We also found
that inhibition of rodent Kif11 by AB leads to decreases in the cell surface abundance and functions of the
p75 and NMDAR2B receptors and to deficits in hippocampal long-term potentiation (LTP) (Ari et al., 2014,
Freund et al., 2016). These findings highlight the importance of KIF11 for key neuronal functions in in vitro
and ex vivo model systems, suggest that AB-mediated inhibition of KIF11 in humans may contribute at least
in part to the cognitive dysfunction observed in AD, and indicate that overriding Ap-mediated inhibition of
KIF11 might prevent deficits in learning and memory in AD patients. However, the in vivo role of KIF11 in
learning and memory during normal aging and in AD remained to be elucidated.

KIF11, the only member of the kinesin-5 family found in vertebrates, is a plus end-directed microtubule mo-
tor protein in mammalian cells that is best known for its role in mitosis where it contributes to bipolar spin-
dle formation and provides the force required to separate the centrosomes and attached sister chromatids
during cell division (Blangy et al., 1995; Bodrug et al., 2020; Ferenz et al., 2010; Kapitein et al., 2005; Mann
and Wadsworth, 2019). In addition to its role in cell division, KIF11 is required for protein synthesis and
serves as a link between ribosomes and microtubules during interphase in mammalian cells (Bartoli
etal., 2011). KIF11 has also been shown to bind to the plus ends of microtubules and to enhance polymer-
ization in vitro by stabilizing tubulin at the growing end of the microtubules, providing evidence that KIF11
regulates microtubule dynamics (Chen and Hancock, 2015).

An early study identified mouse Kif11 expression in post-mitotic neurons (Ferhat et al., 1998), and later
studies showed that Kif11 regulates axonal growth and contributes to dendritic architecture and spine for-
mation, where inhibition, knockdown, or overexpression of Kif11 led to abnormal neurite outgrowth (Freixo
etal., 2018; Kahn et al., 2015b; Myers and Baas, 2007; Nadar et al., 2008). In addition to its role in regulating
neuronal morphology, the functional impact of Kif11 on neuronal microtubule dynamics and on interac-
tions between microtubules has been shown to play a key role in regulating neuronal migration and growth
cone dynamics (Falnikar et al., 2011; Nadar et al., 2008). Although previous studies evaluating the functions
and expression of KIF11 have focused primarily on mitotic cells, developing neurons, and migrating
neuronal cells, its expression continues in mature adult neurons although at a markedly lower level than
in developing neurons (Lin et al., 2011). Further, the Human Protein Atlas (https://www.proteinatlas.org)
(Uhlen et al., 2015) describes continued KIF11 expression in the adult brain, primarily in neurons of the ce-
rebral cortex, thus suggesting a continued function of KIF11 in postmitotic neurons. One possible respon-
sibility of KIF11 in mature neurons is to promote dendritic spine morphogenesis and density during den-
dritic maturation (Freixo et al., 2018). In sum, KIF11 carries out key roles in neurons that derive from its
microtubule interactions and contribute to neuronal cell morphology, development, migration, and func-
tion. These data highlight the importance of regulating KIF11 expression and function not only for devel-
opment, but also for the maintenance of neuronal structures important for learning and memory beyond
neuronal maturation.

Taken together, the known cytoskeletal functions of KIF11 and our discovery that AB-mediated inhibition of
KIF11 enzymatic activity is a key mechanism underlying AB toxicity unequivocally identify KIF11 as an essen-
tial target of AB in human AD. Therefore, we investigated whether the reversal of AB-mediated inhibition of
KIF11 prevents AD phenotypes in several experimental systems and, most importantly, in human AD pa-
tients. Here, we report that AB-mediated inhibition of KIF11 that disrupts learning and memory may be pre-
vented by increasing the expression of KIF11 to preserve its key cellular functions. Specifically, we pre-
dicted that increased expression of KIF11 would override its inhibition by AB and prevent or reduce
cognitive deficits attributed to A toxicity in vivo via the maintenance of dendritic spine density and hippo-
campal LTP. To test our hypothesis, we first determined whether KIF11 overexpression blocked AB-medi-
ated decreases in dendritic spine density, a phenotype heavily associated with cognitive loss in AD
(DeKosky and Scheff, 1990; Freund et al., 2016; Scheff et al., 2006; Terry et al., 1991). We also employed
a primary neuron model of AD and transient transfection to determine how overexpressing wild-type
Kif11 (Myers and Baas, 2007) and/or a familial AD (FAD) mutant form of APP (APPsuec/ing) (Young-Pearse
et al., 2007) affects neuronal structure and function. We then generated a new mouse model derived by

2 iScience 25, 105288, November 18, 2022

iScience


https://www.proteinatlas.org

iScience

mating the 5xFAD Alzheimer’'s mouse model (Oakley et al., 2006) to a mouse that overexpresses mouse
Kif11 (Castillo et al., 2007) to yield Kif1T-overexpressing 5xFAD mice (5xFAD-Kif110E) and carried out elec-
trophysiological, behavioral, and pathological studies to determine the effect(s) of increasing Kif11 expres-
sion on AB-associated AD phenotypes. The AD mouse model studies allowed us to investigate whether
overexpression of KIF11 can rescue deficits in LTP and dendritic spine density and improve learning and
memory in vivo.

We also set out to translate the mouse and cell culture work to humans, by querying RNAseq data from the
Religious Orders Study and the Rush Memory and Aging Project (ROS/MAP) (Bennett et al., 2018) to elucidate
whether naturally occurring variation in KIF17 mRNA expression levels correlates with cognitive performance
in a cohort of older adults with or without amyloid pathology. Our results from analyzing the human data indi-
cate that higher endogenous levels of KIF11 correlate with better cognitive performance in neuritic plaque-
positive participants from the ROS/MAP study, which is in agreement with our results showing that enhanced
expression of Kif11 obviates multiple deleterious effects of the AB peptide observed in 5xFAD mice and in
primary rat neurons. Our use of human derived data along with a multi-model investigation provides a mech-
anistic demonstration that KIF11 is a key and modifiable target of AB toxicity and suggests that increased
KIF11 expression may prevent deficits in learning and memory in AD.

RESULTS
Kif11 overexpression prevents AfB-mediated loss of spine density in primary rat neurons

AP toxicity has been attributed to synaptic loss in AD patients as well as in cell and mouse models of AD
(Freund et al., 2016; Hsieh et al., 2006; Ingelsson et al., 2004; Spires et al., 2005), DeKosky and Scheff (1990),
Scheff et al. (2006). Considering the role of Kif11 in maintaining neuronal morphology and structure, and in
view of our previous finding that AB-mediated inhibition of KIF11 is one mechanism likely to contribute to
dendritic spine loss in AD (Freund et al., 2016), we sought to determine whether overexpression of Kif11 can
block AB-mediated spine loss. To this end, we employed a cell culture model and overexpressed wild-type
Kif11 using transient transfection to determine whether acute Kif11 overexpression alone impacts spine
density. Transient transfection and overexpression of Kif11 in rat primary neurons led to a dose-dependent
decrease in spine density with increasing concentrations of added Kif11-expressing plasmid (Figure S1).
When combined with our previous findings showing that treatment with the highly specific Kif11 inhibitor
monastrol also reduces dendritic spine density, these findings for Kif11 overexpression indicate that Kif11
activity likely has to be maintained in a narrow range to support its normal cellular functions. These findings
also clearly illustrate the structural role of Kif11 in dendrites and in dendritic spines and are in agreement
with previous studies showing that Kif11 regulates neuronal architecture (Freixo et al., 2018; Kahn et al.,
20153, 2015b; Yoon et al., 2005). In parallel, we also employed an AD-Kif110E cell culture model system
in which primary rat neurons were transiently transfected to express human APP harboring both the Swed-
ish (K595N and M596L) and Indiana (V642F) mutations (APPsye/ing) (Young-Pearse et al., 2007), which results
in AB overproduction and familial AD/early-onset AD (FAD/EOAD) in humans (Mullan et al., 1992), with or
without Kif11 overexpression. We hypothesized that the detrimental effects of AB on dendritic spines,
which are important for learning and memory (Spires et al., 2005; Wei et al., 2010), would be reduced by
acute Kif11 overexpression. In agreement with previously published reports, we found that transfection
of APPs,c/ing alone led to significant spine loss, which can be attributed to AB production and toxicity.
In contrast, co-transfection of the APPg,c/ing vector together with a low amount of the Kif11 overexpression
vector, which produced only a small amount of spine loss compared to control on its own (Figure S1), pre-
vented dendritic spine loss from reaching the higher levels normally seen for APPge/ng transfection alone
(Figures 1A and 1B). These data showing reduced APPs,,e/1ng-mediated spine loss in the presence of Kif11
overexpression support our hypothesis that AB-mediated spine loss is due in part to inhibition of Kif11 by
AB (Freund et al., 2016).

As discussed later, we included analyses of human data provided by the ROS/MAP study to investigate
the effects of KIF11 expression on AD phenotypes. One analysis that we performed of the ROS/MAP da-
taset evaluated mRNA expression levels of KIF11 and of genes that encode synaptic proteins (i.e., SYN-
APTOPHYSIN, VAMP1/2, SNAP25, COMPLEXIN-1/2, SYNTAXIN 1A) (Figures S2A-S2C). In that analysis,
we detected KIFT1 expression in the dorsolateral prefrontal cortex (DLPFC) in amyloid positive ROS/MAP
participants, and identified the following trends: (1) increases in amyloid burden correlated with de-
creases in the mean mRNA expression of synaptic proteins, (2) increases in global cognition positively
correlated with higher mean synaptic marker mRNA expression, and (3) greater KIFT1 expression
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Spine Density in cells transfected with GFP alone, APPg, /4, Kif11, or APPg,o4 + Kif11
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Figure 1. Moderate overexpression of Kif11 results in some dendritic spine loss but prevents more substantial
spine loss mediated by AB in primary rat neurons

(A) Representative images of primary rat neurons transfected with a plasmid to express GFP alone (Control, N = 28), with a
plasmid to express GFP together with a plasmid to express the human APP gene harboring both the Swedish double
mutation (K595N and M596L) and the Indiana mutation (V642F) (APPsye/ina, N = 30), with 0.05 pg of a plasmid to express
Kif11 (Kif11 0.05 pg, N = 30), or with a plasmid to express APPs,c/ind together with a plasmid to express Kif11 (APPsye/ind +
Kif11 0.05 ng, N = 28).

(B) Spine density measurements from primary rat neurons transfected with GFP alone (Control), with GFP and APPsye/ind
(APPsye/ing), with GFP and Kif11 (Kif11 0.05 ng), or with GFP, APPs,e/ing, and Kif11 (APPsye/ing + Kif11 0.05 pg). Statistical
significance measured by ordinary one-way ANOVA with post-hoc Sidak’s multiple comparisons test. Asterisks above
each bar indicate statistical significance compared to control. **p <0.01, ****p< 0.0001. Data represent mean with error
bars representing the SEM.

positively associated with greater expression of synaptic marker mRNA in amyloid positive individuals
(Figures S2A-S2C). These associations support our findings in primary rat neurons where overexpression
of Kif11 blocked amyloid-mediated decreases in dendritic spine density. Thus, based on these data, we
conclude that overexpression of Kif11 compensates for the damaging effects of AB on neuronal struc-
tures and functions required for learning and memory, which could reduce the effects of AB toxicity
on cognitive function in vivo.

Generating the 5xFAD-Kif110E mouse model

In order to investigate the role of KIF11 on the maintenance of cognitive function in AD in an in vivo model,
we overexpressed mouse Kif17 in the 5xFAD mouse model of AD. The 5xFAD transgenic mouse expresses
the human APP gene harboring the “Swedish” double mutation (K670N/M671L), the “Florida” mutation
(I716V), and the “London” mutation (V7171), and the human PSEN1 gene harboring the M146L and
1286V familial/early onset AD (FAD/EOAD) mutations. Together, these mutations result in the overproduc-
tion of AB and the deposition of neuronal AB plaques before six months of age (Bilkei-Gorzo, 2014; Hall and
Roberson, 2012; Oakley et al., 2006), The Kif110OE mouse was originally developed to determine whether
overexpression of mouse Kif11 leads to genomic instability and cancer (Castillo et al., 2007). In this model,
Kif11 overexpression led to mitotic spindle defects, increased genomic instability, higher rates of aneu-
ploidy, and increased tumor development. In addition to these cancer-related phenotypes, Kif110OE
mice also exhibit neurological abnormalities, megacystis, and dermatitis. However, the specific neurolog-
ical phenotypes and effects of Kif11 overexpression on learning and memory have not been examined. By
crossing the 5xFAD and Kif110OE strains, we were able to generate double transgenic mice to test whether
the ability of Kif11 overexpression to prevent decreases in dendritic spine density caused by AB toxicity
leads to a reduction in AD-related cognitive deficits in the 5xFAD mouse model. Additionally, we were
able to test whether increased Kif11 expression alone impacts learning and memory by comparing single
transgenic Kif11OE mice to their wild-type (WT) littermates.
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Kif11OE mice were mated with 5xFAD mice, and the progeny were backcrossed to obtain single
and double transgenic mice in a >95% C57BI/6J genetic background (see STAR methods). This
generated litters consisting of non-transgenic WT littermates, single transgenic mice harboring the
Kif11OE transgene (Kif110OE), single transgenic mice harboring the 5xFAD transgene (5xFAD), and
double transgenic mice harboring both the 5xFAD and Kif11OE transgenes (5xFAD-Kif11OE). To
determine whether 5xFAD-Kif11OE mice had altered expression of either the Kif11OE transgene or
the 5xFAD transgene, we compared the mRNA expression levels of human APP and mouse Kif11 in
whole brain homogenates from 8-month-old mice. We found that both Kif11OE and 5xFAD-Kif110OE
mice showed similar levels of Kif11 overexpression (Figure S3A), and that the 5xFAD and 5xFAD-Kif110E
mice showed similar levels of APP overexpression (Figure S3B). These data demonstrate that mating
Kif11OE mice successfully produced a viable double transgenic mouse model of AD that overexpresses
both mouse Kif11 and human APP at levels similar to those detected in their respective single transgenic
littermates.

Increased Kif11 expression rescues AB-mediated decreases in LTP

Hippocampal LTP has been postulated to be the cellular basis for learning and memory (Bliss and Colling-
ridge, 1993; Roman et al., 1987). As cognitive decline is apparent in AD and in mouse models thereof,
including 5xFAD mice, deficits in hippocampal LTP have been attributed to AP toxicity (Crouzin et al.,
2013; Kimura and Ohno, 2009). We previously reported that AB-mediated inhibition of Kif11 is one potential
mechanism by which AB inhibits hippocampal LTP (Freund et al., 2016). Because Kif11 is competitively in-
hibited by AB (Borysov et al., 2011), we hypothesized that increased Kif11 expression might help to maintain
hippocampal LTP in 5xFAD mice. Specifically, we predicted that Kif11 overexpression would prevent or
reduce AB-mediated deficits in LTP.

As shown in Figure 2, extracellular recordings of synaptic responses measured as the initial slope of
the field excitatory postsynaptic potential (fEPSP) at CA1 synapses of 6- to 8-month-old mice
revealed that the fEPSP responses were markedly increased in the Kif11OE, WT, and 5xFAD-
Kif11OE groups following the induction of LTP by delivery of two high-frequency stimulus (HFS)
trains. In contrast to these results, the 5xFAD group fEPSP responses after HFS remained more like
baseline responses recorded before HFS (representative traces are shown in Figure 2A), which is
consistent with impaired LTP. Accordingly, at 60 min after HFS, the 5xFAD group showed significantly
less LTP of the fEPSP response compared to the WT group, whereas the 5xFAD-Kif110E group
showed no significant difference compared to either the WT or Kif11OE groups (Figures 2B and 2C).
Our findings reveal that Kif11 overexpression alone does not affect hippocampal LTP compared to
age-matched WT mice, and, more importantly, that Kif11 overexpression protects against AB-mediated
deficits in LTP in 5xFAD mice, as shown in the 5xFAD-Kif11OE mice (Figure 2C). These data align with our
previous studies of KIF11 and provide further mechanistic support for the conclusion that AB-mediated
inhibition of Kif11 contributes to cognitive dysfunction in AD. These results also provide evidence that
Kif11 plays a key role in maintaining neuronal functions critical for learning and memory and suggest
that increased expression of Kif11 could reduce cognitive dysfunction in 5xFAD mice despite the
presence of AB.

Increased Kif11 expression rescues spatial and working memory deficits in 6- to 8-month-old
5xFAD mice

Considering the above results in combination with previous studies describing associations with spine den-
sity and LTP with cognition (Lynch, 2004, Mahmmoud et al., 2015; Penn et al., 2017; Perez-Cruz et al., 2011;
Reza-Zaldivar et al., 2020), we wanted to determine whether the observed effects on AD phenotypes (LTP
and spine density) by an increase in Kif11 expression translated into better cognitive performance in our
Kif11-overexpresing AD mouse model. Here, we focused on the performance of 6- to 8-month-old mice
in the radial arm water maze (RAWM) task as a measure of spatial and working memory (Alamed et al.,
2006; Arendash et al., 2001; Boyd et al., 2010). The onset of behavioral deficits in 5xFAD mice occurs at
approximately five months of age, and the deficits increase with age (Jawhar et al., 2012; Oakley et al.,
2006; Richard et al., 2015; Xiao et al., 2015), whereas motor deficits that could potentially confound behav-
joral testing do not occur until 9-12 months of age (Jawhar et al., 2012; O’Leary et al., 2020; O'Leary et al.,
2018). As the RAWM task is motor function-dependent, using this age group allowed us to measure robust
effects of AB-induced cognitive deficits before the development of motor deficits in the 5xFAD mice
(O'Leary et al., 2020; O’Leary et al., 2018).
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Figure 2. Increased Kif11 expression prevents decreases in early phase long-term potentiation (LTP) in 5xFAD
mice

(A) Typical field excitatory post-synaptic potentials (FEPSPs) for each of the four groups of mice (5xFAD, 5xFAD-Kif110E,
Kif110E, and WT) before (1, gray line) and 60 min after delivery of two 100 Hz, 1 s high-frequency stimulus (HFS) trains
delivered 5 min apart to induce LTP (2, black line).

(B) Time course of fEPSP slope measurements (normalized as % of baseline) before and after two HFS trains (black arrows:
1 % 100 Hz each, 5 min apart). Data represent the mean £ SEM for five slices from four animals for the 5xFAD group, six
slices from four animals for the 5xFAD-Kif110OE group, and five slices from three animals for the Kif11OE and WT groups.
(C) LTP normalized as % of baseline fEPSP slope at 50-60 min after HFS. Statistically significant differences between
groups were determined by ordinary one-way ANOVA with post-hoc Sidak multiple comparison analysis. *p< 0.05.

The mice were first placed on the platform to learn its location within the room. The mice were then
placed in one of the other five arms of the water maze with the goal of swimming to the location of a sub-
merged platform, using only the environmental cues from the maze and the room (Figure 3A). The ability
of the mice to learn the location of the submerged platform and escape the water was measured over two
days in 30 trials of testing with 15 trials per day (Figure 3B). To control for the distance of the platform from
the point of placement as well as for potential differences in the allocentric and egocentric abilities of the
mice, the performance of each mouse was quantified in blocks of trials. The blocks consisted of six trials in
the first two blocks of each day and three trials in the last block of each day (Figure 3B), with each trial
beginning at a different placement arm (Figure 3B). Profiles of latency time to reach the submerged plat-
form (Figure 3C) revealed that the 5xFAD group performed significantly worse than the WT group (p<
0.0001), the Kif11OE group was similar to the WT group, and the double transgenic 5xFAD-Kif110E group
was most similar to the WT group and performed significantly better than the 5xFAD group (p = 0.0051).
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Figure 3. Increased Kif11 expression rescues working and spatial memory deficits in 6- to 8-month-old 5xFAD
mice in the radial arm water maze task (RAWM)

(A) Schematic showing the six arms in the RAWM.

(B) lllustration of arm placement and timing of breaks between the 30 trials in the RAWM during two days of testing with
15 trials/day.

(C) Average time per block each group took to find the escape platform.

(D) Average number of errors for each mouse at each block of testing.

(E) Average latency performance in blocks 2-5.

(F) Average errors made by each mouse on day one of testing.

(G) Average errors made by each mouse on day two of testing. 5xFAD, N = 15; 5xFAD-Kif110OE, N= 15; Kifl10E, N = 19;
and WT, N = 15. Statistical significance was calculated through ordinary one-way ANOVA with post-hoc Holm-Sidak’s
multiple comparisons test. Latency and error profiles (C-D) used a general linear model for repeated measures. Data are
presented as the mean with error bars representing the SEM. *p< 0.05, **p< 0.01, ***p< 0.001.
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Error profiles of the mice throughout the duration of the testing revealed no significant differences be-
tween any of the groups (Figure 3D). Furthermore, quantification and comparison of the average latency
in the middle blocks (blocks 2-5) revealed that the 5xFAD mice showed a significantly longer latency
compared to WT, Kif110E, and 5xFAD-Kif11OE mice, and that the latency of 5xFAD-Kif110E mice was
not significantly different from that of WT or Kif11OE mice (Figure 3E). These findings indicate that
increased expression of Kif11 alone does not lead to motor deficits that affect RAWM latency compared
to WT mice, and that increased Kif11 expression leads to decreased RAWM latency in 5xFAD mice to
levels similar to those of WT mice. Although there were no significant differences observed in the error
profiles of the mice (Figure 3D) or in the average number of errors per block made by any of the four
groups during day 1 (Figure 3F), during day 2, the 5xFAD mice made significantly more errors compared
to WT, Kif110E, and 5xFAD-Kif110E mice (Figure 3G). These findings show that increased expression of
Kif11 reduces the error rate of 5xFAD mice in the RAWM to levels similar to those of WT mice (Figure 3G).
The fact that 5xFAD mice made significantly more errors on day 2 of testing, but not on day 1, indicates
that 5xFAD mice have deficits in memory-dependent performance that are rescued by increased expres-
sion of Kif11. Taken together, our results show that increased expression of Kif11 prevents deficits in
learning and memory in the 5xFAD mouse model.

These data, taken together with our cell culture and electrophysiology studies, suggest that Kif11 plays a
key role in maintaining neuronal functions critical for learning and memory, and that the improved perfor-
mance of the 5xFAD-Kif11OE mice compared to the 5xFAD mice in the RAWM can be attributed, at least in
part, to the maintenance of receptor-mediated hippocampal LTP mediated by increased expression of
Kif11. These data also provide further mechanistic support for the conclusion that AB-mediated inhibition
of Kif11 contributes to cognitive dysfunction in AD.

Increased expression of Kif11 does not affect brain amyloid deposition in 5xFAD mice

The prevention or reversal of amyloid deposition by active or passive immune therapy against AB, by
genetic removal of the gene encoding APOE, which is essential for A polymerization, or by various im-
mune modulators all lead to cognitive benefits in animal models and in at least some human trials
compared to placebo, suggesting the targeting of amyloid as one approach to AD therapy. To test
whether the rescue of AD phenotypes that we observed in our behavioral and electrophysiological ex-
periments in 5xFAD-Kif11OE mice might similarly be the result of reduced amyloid deposition, we visu-
alized AP accumulation in different brain regions in 5xFAD, 5xFAD-Kif110E, and Kif11OE mice using
both the NIAD-4 amyloid-binding dye that recognizes beta-sheet structures (Nesterov et al., 2005)
and the 6E10 antibody raised against amino acids 1-16 of AB. Histological staining of sagittal slices
from 8-month-old mouse brains revealed that both 5xFAD mice (Figure 4A) and 5xFAD-Kif11OE mice
(Figure 4B) had robust deposition of amyloid plaques, whereas the Kif11OE mouse had no amyloid
signal (Figure 4C). Quantification of the fluorescence-positive area in multiple brain regions revealed
that 5xFAD and 5xFAD-Kif11OE mice had similar levels of amyloid plague burden, and that Kif11OE
mice lacked amyloid plaques, based on both NIAD-4 staining (Figure 4D) and 6E10 staining (Figure 4E).
Furthermore, whole brain quantification of signal from both NIAD-4 staining and 6E10 staining also re-
vealed similar results, where the 5xFAD and the 5xFAD-Kif11OE mice showed similar levels of amyloid
deposition, and the Kif11OE mice lacked amyloid plaques (Figures S4A and S4B). We did not observe
any significant differences in DAPI staining in the same brain regions (Figure S5A) or with whole brain
quantification of DAPI staining (Figure S5B) in 5xFAD, 5xFAD-Kif110E, and Kif11OE mice. These data
demonstrate that the rescue of learning and memory deficits and the maintenance of LTP in 5xFAD-Ki-
f110E mice is not due to reduced AR deposition. Instead, increased Kif11 expression appears to bolster
brain function and resiliency by directly improving cellular functions, without decreasing the presence of
amyloid deposits in the brain.

Higher brain KIF11 expression is associated with better cognition in AD patients

The KIF11 gene has not been directly linked to AD in humans. Although previous genome-wide associ-
ation studies (GWAS) have identified single nucleotide polymorphisms (SNPs) within the HaploBlock con-
taining KIF11, and genomic markers within KIF11 have shown associations with AD in non-APOE4 carriers
(Feuk et al., 2005), KIF11-specific associations with cognitive function have not been reported. The results
of our biochemical, cell and tissue culture, and behavioral experiments provide strong evidence that the
microtubule motor KIF11 plays a significant role in AB toxicity, and that this toxicity can be overcome by
upregulation of KIF11 expression. We therefore took the final step to determine whether KIF11 may
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Figure 4. Increased expression of Kif11 does not reduce amyloid plaques in the brains of 5xFAD mice

Shown are representative images of 20 um-thick sagittal sections of mouse brain showing areas of the hippocampus (Hip), cortex (Ctx), striatum (Str),
thalamus (Thl), midbrain (Mdb), and the brainstem (Bst) that were analyzed to detect amyloid using both NIAD-4 staining (red) and the 6E10 antibody (green)
and cell nuclei using DAPI (blue) in 5xFAD (A, A1-A6), 5xFAD-Kif110E (B, B1-B6), and Kif110E (C, C1-Cé) mice. Quantification of the percent area positive for
(D) NIAD-4 staining or (E) 6E10 staining in the different brain regions in 5xFAD, 5xFAD-Kif110OE, and Kif11OE mice. Data represent the mean + SD of N = 2-5
slices from three mice in each group. Statistical significance was calculated through ordinary one-way ANOVA with post-hoc Holm-Sidak’s multiple
comparisons test. Data are presented as the mean with error bars representing the SEM. *p< 0.05, **p< 0.01, ***p< 0.001.

serve as a key, modifiable target of AB toxicity in human AD patients. We first queried Agora on the
publicly available AMP-AD Knowledge Portal [https://agora.adknowledgeportal.org/genes; (Hodes and
Buckholtz, 2016)] to determine whether there was an association between KIF17 mRNA expression levels
in the cerebellum, frontal pole, inferior frontal gyrus, parahippocampal gyrus, superior temporal gyrus, or
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Figure 5. Higher KIF11 mRNA expression levels in the dorsolateral prefrontal cortex and the posterior cingulate cortex are associated with better
cognitive performance

Normalized KIFTT mRNA expression levels are presented along the xaxis and cognitive performance at the final visit before death is presented along the
yaxis. Data from the dorsolateral prefrontal cortex (DLPFC, N = 939 (A) and from the posterior cingulate cortex (PCC, N = 527) (B) showing the correlation
between KIF17 mRNA expression levels and global cognition (p = 0.03 for both the DLPFC and the PCC). Shaded areas represent the 95% confidence

interval.

the temporal cortex, and a clinical diagnosis of AD, but we did not uncover any correlations (data not
shown).

We then assessed whether higher expression of KIF11 is correlated with cognitive performance by
leveraging the deeper phenotypic data from the ROS/MAP study (Bennett et al., 2018). We evaluated as-
sociations between KIF11 mRNA expression levels in three different brain regions, including the DLPFC
(N = 939), posterior cingulate cortex (PCC, N = 527), and the head of the caudate nucleus (CN,
N = 715), and cognitive performance using previously described STAR methods (Moore et al., 2020), which
are described in the STAR Methods. In the two cortical regions, including the DLPFC and PCC, we observed
an association between higher levels of KIF11 mRNA expression in the DLPFC (Figure 5A; B=0.21, p = 0.03)
and in the PCC (Figure 5B; B =0 0.25, p = 0.03) and better cognitive performance at the final visit before
death, but we did not observe a similar association in the CN (B = 0.05, p = 0.63). The same association
was also observed in longitudinal analyses, but only in the DLPFC (B = 0.02, p = 0.03), whereas no associ-
ation was present in the PCC or CN (p> 0.25).

To determine whether expression of KIFTT mRNA in the DLPFC of ROS/MAP participants as detected by
RNAseq was cell type specific, we assessed expression from a previously published snRNA sequencing da-
taset quantified leveraging postmortem prefrontal cortex tissue from 48 participants in ROS/MAP (Mathys
et al., 2019). In agreement with a previous report showing that KIF11 is expressed in mature neurons (Lin
etal, 2011), as well as the cell type expression of KIF11 in the human brain as described by the Human Pro-
tein Atlas (Uhlen et al., 2015), we found that the expression of KIF11 in the brains of ROS/MAP participants
was not particularly robust, but the KIF11T mRNA signal observed was primarily due to its expression in both
excitatory and inhibitory neurons (Figure Sé). Additionally, we assessed the degree to which the observed
expression of KIF17 in the bulk tissue leveraged for our primary analysis correlated with the proportions of
different cell types within that sample. Cellular fractions were estimated leveraging a previously published
multi-marker deconvolution algorithm that estimates the proportion of excitatory neurons, inhibitory neu-
rons, astrocytes, microglia, oligodendrocytes, oligodendrocyte progenitor cells, and endothelial pericytes
based on the transcriptomic signature (Cain et al., 2022). Indeed, KIF11 expression levels were positively
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Figure 6. Higher KIF11 mRNA expression levels in the posterior cingulate cortex are associated with better
cognitive performance in neuritic plaque-positive individuals, but not in neuritic plaque-negative individuals
KIF11 mRNA expression levels in the posterior cingulate cortex (PCC, N = 527) are presented along the xaxis, and
cognitive performance at the final visit before death is presented along the yaxis.

Points and lines are colored based on neuritic plaque positivity where neuritic plaque-positive individuals are shown

in blue (CERAD > moderate; p = 0.04), and neuritic plaque-negative individuals are shown in red (CERAD < moderate;
p = 0.36). Shaded areas represent the 95% confidence interval.

correlated with the proportion of excitatory and inhibitory neurons in the DLPFC, and negatively correlated
with the proportion of astrocytes, microglia, oligodendrocytes, oligodendrocyte progenitor cells, and
endothelial pericytes in the DLPFC (Figure S6).

Finally, based on the results of our AD mouse and cell studies showing that KIF11 overexpression pro-
tects against the consequences of amyloidosis, we also evaluated whether associations between KIF11
expression and cognition were particularly strong among individuals with neuritic plaque pathology at
autopsy. We first examined the statistical interaction between KIF11 expression levels and neuritic pla-
que pathology, but we did not observe a statistically significant interaction in any brain region (p>
0.28), which limited our ability to speak to differences by neuropathological stage. However, in explor-
atory follow-up stratified analyses, the association between higher KIFTT mRNA expression in the PCC
and cognitive performance was present among those with moderate or frequent neuritic plaque pa-
thology at autopsy (Figure 6; B = 0.31, p = 0.04), but not among those with sparse or no neuritic pla-
ques at autopsy (B = 0.12, p = 0.36). A similar pattern was observed in the DLPFC, although results in
neuritic plaque-positive participants were marginally non-significant (o = 0.06). These data indicate that
cortical KIF11 expression is positively correlated with cognition in AD patients and is consistent with
the results of our studies in 5xFAD mice in which increased Kif11 expression had a significant protec-
tive effect against learning and memory deficits (Figure 3) and against AB-mediated decreases in LTP
(Figure 2).

DISCUSSION

Many current experimental treatments for AD have focused on reducing A production or on increasing the
clearance of AB plaques [reviewed in (Demattos et al., 2012; Imbimbo and Watling, 2019; Jeremic et al.,
2021)]. Most of these approaches have failed to prevent or reverse cognitive decline in clinical trials,
although one such anti-Ap human monoclonal antibody drug (aducanumab/Aduhelm) may modestly
slow cognitive decline compared to placebo (Cummings et al., 2014, 2020; Graham et al., 2017). Clearly,
alternative approaches to the development of AD therapeutics are needed. Our in vitro and in vivo exper-
iments using animal and cell models of AD together with analyses of human AD patient data show that the
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KIF11 microtubule motor protein plays a key role in the maintenance of cognitive function and demonstrate
that AB-mediated inhibition of KIF11 leads to the cognitive deficits that occur during AD pathogenesis.
Specifically, our behavioral and electrophysiological experiments show that increased Kif11 expression
overrides the inhibitory effects of AB, thereby preserving LTP and improving cognitive performance. Our
previous biochemical experiments showed that the mechanism by which increased Kif11 expression over-
comes the damaging effects of AB likely derives from protecting the enzymatic activity of this important
microtubule motor protein from complete inhibition by AB to preserve its many cytoskeletal functions
that are required for the localization of neurotransmitter and neurotrophin receptors to their functional
location on the plasma membrane where they regulate neuronal morphology, including maintaining the
correct number of neurotransmitter-harboring dendritic spines, which has been previously hypothesized
to serve as a marker of cognitive resilience in AD (Boros et al., 2017; Walker and Herskowitz, 2020). Our
finding that Kif11 overexpression does not affect A production or deposition in 5xFAD mice shows that
the beneficial effects of Kif11 overexpression on cognition and LTP in our 5xFAD-Kif11OE mice occurred
despite the persistence of amyloid plaques and pathology in the brains of these mice and reinforces the
conclusion that the enzymatic function of KIF11 is inhibited by AB and can be recovered by KIF11
overexpression.

Although statistically significant, the associations between KIF11 expression levels and cognitive perfor-
mance in ROS/MAP study participants are modest. Evidently, in human populations, increased endoge-
nous levels of KIFT1T mRNA are not sufficient to prevent AD, nor do they fully out-compete environmental
or genetic factors that may enhance susceptibility to AD. However, our results suggest that higher KIF11
expression levels may partially prevent cognitive loss during the course of AD, which aligns with our pre-
vious findings regarding the role of KIF11 in animal models of AD (Ari et al., 2014; Borysov et al., 2011;
Freund et al., 2016). Indeed, further analyses of human AD study data is needed to fully elucidate the
role of KIF11 in AD resilience or susceptibility, as well as the environmental factors that may regulate
KIF11 expression or function, which could lead to the development of an entirely new approach to AD
therapy.

Our data and experimental models show the importance of KIF11 function for maintaining cognitive
function and synaptic plasticity in the presence of AB and elucidate the potential for novel AD
therapeutic strategies that target AP toxicity based on enhancing KIF11 activity. In particular, we
propose that overriding the toxic effects of AB by either increasing Kif11 mRNA expression levels or
by blocking AB-mediated inhibition of KIF11 may be a viable therapeutic strategy for the treatment
of AD.

As a whole, the data we present herein further highlight the importance of KIF11 in learning and memory
and the possibility of developing therapies for AD that focus on maintaining neuronal structures and func-
tions by targeting molecules that regulate microtubule dynamics, stability, and transport capability.
Although chemical compounds that alter microtubule dynamics were investigated previously as a potential
therapy for AD (Brunden et al., 2010, 2014; Zhang et al., 2012), our new data demonstrate the potential util-
ity of focusing on a microtubule motor protein inhibited by AB, specifically KIF11, and its increased expres-
sion and/or activity as a potential therapeutic target for AD. To our knowledge, there have been no other
in vivo studies showing that increased expression of a gene such as KIF11, whose protein product is in-
hibited by AB and is involved in regulating microtubule dynamics and organization and localizing receptors
on neurons, offsets the cognitive deficits caused by AB. Thus, our findings illustrate the potential efficacy of
anew approach to AD therapy that involves overriding or blocking the inhibitory effects of AB on a specific
cellular protein.

It is of interest to note that in addition to AP, excess tau protein has been shown to inhibit Kif11 and
consequently cause the cell cycle defects, chromosome mis-segregation, neuronal aneuploidy, and
apoptosis that characterize a Drosophila model of frontotemporal dementia (FTD, also termed fronto-
temporal lobar degeneration, FTLD) (Bougé and Parmentier, 2016; Malmanche et al., 2017). Such
microtubule-dependent cell cycle defects, which lead to neuronal aneuploidy and apoptosis, have
also been observed in human FTD/FTLD caused by mutations in the gene encoding tau [MAPT; (Can-
eus et al, 2018); for discussion, see (Potter et al., 2019)]. Thus, two of the major pathological and
biochemical features of AD — AB and tau — both inhibit KIF11 activity and function, further support-
ing our conclusion that KIF11 is a key component in the AD pathogenic pathway that may hold
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promise as a future target for therapeutic drug development efforts, with potential applicability to
other neurodegenerative diseases.

Limitations of the study

Using cell culture and mouse model systems for AD in addition to analysis of gene expression in the DLPFC
of humans, this study demonstrated that increased KIF11/Kinesin-5 expression prevented Ap-mediated
cognitive loss. However, our study is not without limitations. Our behavioral assay in mouse models focused
on a specific age range (6-8 months of age), and therefore the extent to which increased Kif17 expression
offsets cognitive loss in 5xFAD mice as they age has not yet been elucidated. Additionally, our investiga-
tions using mice are limited to and focused on cognitive loss due to AB-mediated toxicity. Because AD phe-
notypes in humans and in some AD model systems include excess tau, which has also been shown to inhibit
the Kinesin-5 motor protein (Bougé and Parmentier, 2016), a model system that includes both tau and AB
pathology with specificity to AD would be needed to determine the effects of KIF11 expression on tau-
mediated AD phenotypes.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

6E10 BioLegend Cat#803001
Alexa Fluor® Plus 488-conjugated goat anti- Invitrogen Cat#A32723
mouse IgG secondary antibody

Anti-GFP antibody ThermoFisher Cat#11122
Critical commercial assays

RNeasy Mini Kit Qiagen Cat#74104

Experimental models: Organisms/strains

Mouse: 5xFAD C57BI/6 B6SJ-

Tg(APPSwFILon,PSEN1*M146L*L286V)6799Vas/Mmjax
Mouse: Pim1-Kin50E (referred to herein as Kif110E)

Mouse: C57BL/6J
Rat: Sprague Dawley Charles River

The Jackson Laboratory

Dr. Monica Justice (Castillo et al., 2007)
The Jackson Laboratory

Charles River

RRID:MMRRC_034840-JAX

Tg(Pim1-Eg5)1Jus
RRID:IMSR_JAX:000664
Cat#RGD_734476

Oligonucleotides

KIF11 Primer Probe
APP Primer Probe
GAPDH Primer Probe

Tg(Pim1-Eg5)1Jusm (KIF110E) forward primer
5'-TGACTTCCGATGAAGAAAGC-3’

Applied Biosystems
Applied Biosystems
Applied Biosystems

Integrated DNA Technologies (IDT)
(Castillo et al., 2007)

Cat#Mm01204225_m1 Cat#4448489
Cat#Hs0016908_m1 Cat#4331182
Cat#Mm99999915_g1 Cat#4331182
N/A

Tg(Pim1-Eg5)1Jus (KIF110E) reverse primer Integrated DNA Technologies (IDT) N/A

5'-GATACACGGGTACCCGGGCG-3 (Castillo et al., 2007)

APP forward primer Integrated DNA Technologies (IDT) N/A

5'-TGGGTTCAAACAAAGGTGCAA-3

APP reverse primer Integrated DNA Technologies (IDT) N/A

5'-GATGACGATCACTGTCGCTATGAC-3'

Recombinant DNA

Wild-type Kif11 expression plasmid Dr. Peter Baas (Myers and Baas, 2007) N/A

APPg\e/ind expression plasmid Addgene (http://www.addgene.org/ Cat#30145;
30145) RRID:Addgene_30145

pEGFPN1 Clontech Cat#6085-1

Software and algorithms

Slidebook 5.0-6.0

R statistical software

Prism 9

Intelligent Imaging Innovations

https://www.r-project.org
GraphPad

https://www.intelligent-imaging.
com/slidebook

N/A
https://www.graphpad.com/

scientific-software/prism/

Other

NIAD-4 (amyloid stain)
Hoechst 33342 (Nuclear stain)
Extracta DNA Prep for PCR
Neurobasal Plus B27
Glutamax

TRIzol™ Reagent

Cayman Chemical
Thermo Scientific
Quantabio
Invitrogen
Invitrogen

Invitrogen

Cat#18520
Cat#62249
Cat#95091
Cat#A3582901
Cat#35050061
Cat#15596018
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RESOURCE AVAILABILITY
Lead contact

Further information and requests should be directed to and fulfilled by the lead contact, Huntington Potter
(huntington.potter@cuanschutz.edu).

Resource availability

e This study did not generate new unique reagents.
e Kif11OE mice on C57BL/6 background will be made available from the lead contact upon request.

e Any available biological samples from 5xFAD-Kif11OE mice are available from the lead contact upon
request.

Data and code availability

® This study does not report any original code.

® The data reported in this paper as well as any additional information required to reanalyze the data re-
ported is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Male and female 5xFAD (Oakley et al., 2006) or Kif11OE (Tg[Pim1-Eg5]Jus mice) (Castillo et al., 2007),
referred to herein as Kif110E mice, were used for breeding and for generation of the 5xFAD-Kif110E trans-
genic mouse strain. Fully congenic male and female C57BI/6J mice hemizygous for the 5xFAD transgenes
that contain three mutations in human APP (Swedish: K670N, Mé671L, Florida: 1716V, and London: V7171)
and two mutations in human PSENT (M146L and L286V) (Oakley et al., 2006) were obtained from Jackson
Labs (JAX MMRRC Stock No: 34848-JAX). These mice were used to establish an in-house breeding colony
in which 5xFAD mice were bred to fully congenic WT C57BI/6J mice obtained from Jackson labs (Jax Stock
Number: 000664). Establishment of the 5xFAD breeding colony took place in-house and utilized both male
and female mice bred with respective WT C57BI/6J mice obtained from Jackson Laboratory. To establish
the Kif11OE colony, we obtained cryo-preserved semen from fully congenic FVB/NJ male mice harboring
the pPim1Eu-Eg5 transgene (Kif1150E) from the laboratory of Dr. Monica Justice at The Hospital for Sick
Children, Peter Gilganis Centre for Research and Learning, Toronto, Ontario, Canada. This mouse model
utilizes the pPim1Eu-Eg5 transgene where the lymphoid specific Ep enhancer in tandem with the Pim1 pro-
moter drive the expression of mouse Kif11. The transgene also contains the MuLV long terminal repeat to
further amplify expression. Rederivation of the transgenic mouse line was carried out through in vitro fertil-
ization (IVF) by the University of Colorado Anschutz Medical Campus Gates Bioengineering Core. Briefly,
mouse oocytes were generated using a fully congenic WT C57BI/6J female mouse, creating mixed back-
ground (C57BI/6J-FVB/NJ) Kif110E progeny. Kif11OE mice produced through the rederivation processes
were bred strictly with non-related fully congenic C57BI/6J WT mice to backcross the mice to a predomi-
nant C57Bl/6J background. Breeding took place in-house and utilized both male and female mice from
each group. We continued to backcross the Kif11OE mice with fully congenic C57BI/6J mice throughout
the entirety of this study. To develop a 5xFAD Alzheimer's mouse model that overexpresses mouse
Kif11 (5xFAD-Kif110E), we used unrelated male and female mice that carried either the 5xFAD transgenes
or the Kif110E transgene for breeding. Kif11OE mice from the F4-F9 C57BI/6J backcross generation were
then bred with fully congenic C57BI/6J 5xFAD mice to create a mouse line that was predominantly on a
C57BI/Bl6J background (93%-99% C57Bl6/J). Only mice derived from the 5xFAD x Kif11OE cross were
used in experiments. Both male and female 6- to 8-month-old mice were used for electrophysiology exper-
iments and for behavioral tests in the RAWM. The mice utilized for study were subject to either behavioral
tests or LTP recordings. No animals were used for both. The brains of mice that underwent behavioral tests
were used for immuno-histochemistry experiments for AD pathology or for gPCR analyses of gene expres-
sion. All mouse experiments and husbandry were approved by and conducted in accordance with the
Institutional Animal Care and Use Committee (IACUC) guidelines and with approval from the University
of Colorado Anschutz Medical Campus.

¢? CellPress

OPEN ACCESS

iScience 25, 105288, November 18, 2022 19



mailto:huntington.potter@cuanschutz.edu

¢? CellPress

OPEN ACCESS

Primary neuron cultures

Wild-type non-transgenic postnatal day 0-2 male and female Sprague-Dawley rats used for primary cul-
tures were obtained from timed pregnant female Sprague-Dawley rats supplied by Charles Rivers Labs.
All animals used in this study were fed standard chow and kept on a regular 12:12 light cycle. Primary
neuronal cultures were incubated and maintained at 33°C in 5% CO,. All experiments were approved by
and conducted in accordance with the IACUC guidelines and with approval from the University of Colorado
Anschutz Medical Campus.

Human

Data for the analysis of human subjects was acquired from the Religious Orders Study and the Rush Mem-
ory and Aging Project (ROS/MAP) under a master data users agreement to the University of Colorado An-
schutz Medical Campus with access to the data used in this study granted to Drs. Esteban M. Lucero and
Huntington Potter. Written informed consent was previously obtained for the generation of the data used
in this study in accordance with Institutional Review Board (IRB) approved protocols. ROSMAP data are
available online at the Rush Alzheimer’s Disease Center Resource Sharing Hub and the Accelerating Med-
icines Partnership-Alzheimer’'s Disease (AMP-AD) Knowledge Portal (syn3219045).

METHOD DETAILS
Genotyping of transgenic mouse lines

To obtain tissue samples for genotyping, small ear clips were taken from 21- to 28-week-old mice anesthe-
tized with 4% isoflurane. At that time, the mice were also given a subcutaneous radio frequency radio iden-
tification (RFID) tag (Trovan, Ltd, cat: 040104) and weaned from the mother. DNA was extracted from the
ear tissue using Extracta DNA Prep (Quantabio) according to manufacturer guidelines. Briefly, the tissue
was incubated for 30 min at 95°C in 300 plL extraction reagent, cooled to room temperature, and 300 uL
stabilization buffer was then added to the sample. PCR Genotyping of Kif11OE mice for the pPim1Eu-Eg5
transgene was carried out using the protocol established by Castillo et al.(2007). Primers specific to
Kif11 (5'-TGACTTCCGATGAAGAAAGC-3') and the MuLV LTR of the transgene construct (5'-GATA-
CACGGGTACCCGGGCG-3) were used with an annealing temperature of 58°C and 20 cycles of PCR.
The resulting PCR products were then run on a 1% agarose gel that revealed binary results, where
samples that yielded a single ~1,000 bp band were considered to be positive for the pPim1Eu-Eg5
transgene, and samples that yielded no band were considered non-transgenic (WT). 5xFAD mice were
genotyped according to guidelines established by Jackson Labs (https://www.jax.org/Protocol?
stockNumber=008730&protocollD=34650). Briefly, a primer probe specific to the APPg,c.mutation
(TmoIMR0076-Fluorophore-1 5-CATTGGACTCATGGTGGGGGGGGGTG-3) was paired with primers
specific to the APPs,,. transgene in the 5xFAD mouse (5-TGGGTTCAAACAAAGGTGCAA-3, 5-GATGAC
GATCACTGTCGCTATGAC-3') and subjected to 40 cycles of RT-PCR with an annealing temperature of
60°C. Samples that showed ampilification of the PCR product through real-time fluorescence after 20 cycles
were considered positive for the 5xFAD transgene, and samples that did not show any amplification during
the 40 cycles were considered to not contain the 5xFAD transgene. PCR genotyping for each mouse strain
used PerfeCTa® MultiPlex gPCR SuperMix, Low ROX™ (Quantabio, cat: 95063) at a 1X concentration.

Gene expression analyses

Both APP and Kif11 expression were analyzed using qRT-PCR. Whole brains were extracted from mice
anesthetized with 100 pL pentobarbital. Once anesthetized, the mice were sacrificed using cervical dislo-
cation and decapitation, and the brain was quickly removed and quartered. The quartered pieces of each
brain were placed into individual RNase-free 2 mL microfuge tubes and flash frozen with liquid nitrogen.
Brain tissue samples were homogenized using ultrasonication in 1 mL of 35°C Trizol (Invitrogen cat:
15596018). The samples were incubated for 5 min at room temperature and vortexed for 10 sec intermit-
tently during the incubation. To extract the RNA, 200 plL chloroform was added to each sample, followed
by vortexing for 15 sec, incubation for 1 min at room temperature, vortexing for 15 sec, and centrifugation
at 13,000 x g for 10 min. The supernatant was then collected for the isolation and purification of the RNA
using the RNeasy Mini Kit (QIAGEN, cat: 74104) according to manufacturer instructions. After the RNA was
eluted, cDNA was synthesized using the iScript™ cDNA synthesis Kit (Bio-Rad). Expression levels of Kif11
and APP were then measured by multiplex gRT-PCR using mouse Kif11 and human APP primer probes
(Applied Biosystems, Mm01204225_m1, Cat#4448489 and Hs0016908_m1 Cat#4331182, respectively) in
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combination with mouse GAPDH primer probes (Applied Biosystems Cat#4331182/AssaylD-
Mm99999915_g1) for normalization. Expression levels were calculated as the log2-fold change of the AACt.

Radial arm water maze (RAWM)

We measured working memory in our mouse models using the performance of each mouse in a six-arm
RAWM (Alamed et al., 2006). We used modular plastic inserts placed inside a water tank to create six radi-
ally distributed swim arms emanating from a central circular swim area. The tank was placed on a table so
that the top of the tank was approximately 6.5 feet from the ground. This allowed the test to take place
without visual cues from the surrounding room environment and eliminated influence of the performance
of the mouse that might be caused by activities of the people administrating the test. Visual cues to facil-
itate spatial awareness of the mouse were not added to the maze. The tank was filled with water the night
prior to testing to allow the water to reach room temperature, and the water was dyed white with non-toxic
water-soluble paint on the morning of testing. An escape platform made of translucent plexiglass was
placed in one of the six arms and remained in that same arm throughout the testing. Prior to the beginning
of testing on day one of the two-day-long test, the mouse was introduced to the maze by placing it on the
submerged platform and allowing it to remain there for 60 sec. Afterwards, the mouse was placed in its
holding cage until the beginning of the test. Mice were tested in groups of 2-4 mice per block of testing,
with each mouse per group undergoing the test sequentially, which allowed each mouse to rest between
trials during that block of testing. After the mice from each group had completed each block of trials, each
mouse was then placed in one of the five arms that did not contain the escape platform and was given 60
secto complete the maze. If the mouse failed to complete the maze in 60 sec, the mouse was guided to the
platform with a wooden guiding board and allowed to place itself on the platform where it remained for 60
sec. Each mouse underwent two days of testing with 15 trials per day. The performance of each mouse was
measured using both the time (latency) and the number of errors the mouse made during testing. Errors
were considered when the mouse fully entered (i.e., entire body) an arm that did not contain the escape
platform or when the mouse entered the correct arm with the escape platform but did not swim to or locate
the escape platform. Measurements of performance relative to the average performance of the WT group
were calculated as the percent difference of each mouse at each block compared to the average perfor-
mance of the WT group at each block. Statistical analyses for RAWM performance used GraphPad Prism
software version 9.0.2 (https://www.graphpad.com/scientific-software/prism/).

Electrophysiology

Electrophysiology recordings for LTP measurements were carried out on transverse 400 um-thick hippo-
campal slices (Freund et al., 2016) from mice that had not undergone behavioral testing in the RAWM.
All of the mice used for electrophysiology experiments were progeny of 5xFAD x Kif11OE breeding.
Mice were anesthetized with isoflurane, decapitated, and the brain was removed. To cool the interior of
the brain, the entire brain was placed in ice-cold cutting solution containing 220 mM sucrose, 25 mM
D-Glucose, 2 mM KCI, 12 mM MgCly, 0.2 mM CaCly, 1.25 mM NaH,PO,, and 26 mM NaHCOj3 for 40 sec.
Afterwards, the hippocampi were dissected from the brain and sliced transversely with a Mcllwain tissue
slicer. Once the slices were made, they were placed in a recovery chamber containing artificial cerebral spi-
nal fluid (aCSF) (124 mM NaCl, 11 mM D-glucose, 3.5 mM KCI, 1.3 mM MgCl,, 2.5 mM CaCl,, and 25.9 mM
NaHCO3) for at least 1 h. Individual hippocampal slices were then transferred to a recording chamber
superfused at a bulk rate of 2-3 mL/min with 30°C aCSF. To measure fEPSP responses, we placed stimulus
and recording electrodes in the collateral axon pathway of the CA1 dendritic field. Measurements of the
fEPSP response were an average of three responses to stimuli delivered 20 sec apart. Prior to baseline re-
cordings, we generated an input-output curve by increasing the stimulus voltage and recording the synap-
tic response until either a maximum response was reached, or until a population spike was observed in the
fEPSP response. Stimulus intensity was set at 40-50% of the maximum stimulus intensity. Once proper stim-
ulus intensity was determined, we took baseline recordings of the fEPSP response at a stimulus intensity
specific to each slice. Baseline recordings were measured for 20 min, after which we administered HFS.
HFS consisted of two trains of 100 Hz stimulation for 1 sec, with an intertrain interval of 5 min. Measurements
of the fEPSP response to stimulus were monitored for 60 min after the first HFS was delivered. Statistical
analyses for the measurement of LTP as a percent of baseline recording was calculated using GraphPad
Prism version 9.0.2 (https://www.graphpad.com/scientific-software/prism/).
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Neuronal cultures

Hippocampal neuronal cultures were prepared from postnatal day 0-2 male and female Sprague-Dawley
rats, plated at medium density (300-450 cells/mm?) on glass coverslips and maintained at 33°C in ~5% CO,
in Neurobasal plus B27 (Invitrogen) and GlutaMAX (Invitrogen) medium until transfection on day-in-vitro
(DIV) 11-12 using Lipofectamine 2000 (Invitrogen) as described with plasmids encoding green fluorescent
protein (GFP) (pEGFPNT1; Clontech), mouse Kif11 (Myers and Baas, 2007), or the human APPs,,c/ingmutant
(Young-Pearse et al., 2007). On DIV 14-15 (three days post-transfection), neurons were fixed in 4% parafor-
maldehyde, and the coverslips were mounted on slides with Pro-Long Gold (Invitrogen). Images of den-
drites in GFP-transfected neurons were acquired on an Axiovert 200M microscope (Zeiss) with a 63X objec-
tive (1.4NA, plan-Apo), a 1.5X magnifier, and a CoolSNAP2 (Photometrics) CCD camera. Focal plane
Z-stacks (0.5 pm sections) were acquired, deconvolved to correct for out-of-focus light, and 2D maximum
intensity projections generated (Slidebook 5.0-6.0, Intelligent Imaging Innovations). Spine numbers were
quantified from projection images using the ruler tool in Slidebook 5.0-6.0 software with manual counting
and were expressed as the number of spines/10 pm of dendrite using measurements obtained for multiple
lengths of dendrites (N = the number of lengths of dendrite) taken from multiple images across three in-
dependent neuronal cultures for each experimental treatment condition. Statistical analyses for dendritic
spine density used GraphPad Prism version 9.0.2 (https://www.graphpad.com/scientific-software/prism/).

Mouse brain collection and amyloid staining

To determine amyloid plaque burden in our mouse models, we used 20 um-thick sagittal cryo-sectioned
mouse brains. Prior to cryosectioning, the mice were anesthetized with 100 pL of pentobarbital. Once fully
anesthetized, transcardial perfusion was performed with 0.9% NaCl in H,O. A Leica Biosystems Perfusion
Two™ automated pressure prefusion system (cat: 39471005) was used to circulate the saline solution. Mice
were perfused until the liver of the mouse showed evidence of being clear of blood or for 5 min after the
start of perfusion. After perfusion, the brain was removed rapidly, and the hemispheres were separated.
The two hemispheres were then placed in 10 mL of 4% paraformaldehyde in PBS for 72 h. The brains
were then transferred into a 20% sucrose solution for 24 h and placed in a 30% sucrose solution and stored
at4°C until slicing. At 12-24 h before slicing, the brains were removed from the sucrose solution and placed
in a 50 mL conical tube and stored at —80°C. On the day of cryosectioning, one hemisphere of the brain was
placed inside the cryostat for 1 h to allow for acclimation to the —20°C environment. The brain hemisphere
was then embedded in chilled Tissue Tek® O.C.T.™ compound and incubated for 30 min inside the cryo-
stat. Sagittal sections of the brain were obtained by slicing the brain at 20 um laterally from the midline.
Each slice was then placed onto a Fisherbrand® Superfrost™ Plus Microscope Slide (cat: 12-550-15) and
placed into a slide box on dry ice and stored at —80°C until staining.

For amyloid staining, tissue sections were permeabilized with 0.1% Triton X-100 in DPBS for 15 min and
then blocked with 3% bovine serum albumin (BSA) in DPBS for 90 min at room temperature. Tissue sections
were incubated with mouse anti-AB primary antibody (6E10, BioLegend #803014, 1:250) in 3% BSA in DPBS
overnight at 4°C, followed by incubation with Alexa Fluor® Plus 488-conjugated goat anti-mouse IgG sec-
ondary antibody (Invitrogen #A32723, 1:500) in 3% BSA in DPBS for 45 min at room temperature. Tissue
sections were then stained with the amyloid-binding dye NIAD-4 (Cayman Chemical #18520) at 10 uM in
DPBS for 10 min at room temperature, and the nuclei were stained using Hoechst 33342 (Thermo Scientific
#62249) at 1 pg/mL in DPBS for 10 min at room temperature. Slides were imaged on an Olympus 1X83 in-
verted fluorescence microscope at 10X magnification and then analyzed using Cell Sens v1.12 software
(Olympus). Data from 2-5 tissue sections were averaged for each mouse.

ROS/MAP study analyses

The Religious Orders Study and the Rush Memory and Aging Project (ROS/MAP) (Bennett et al., 2018)
began collecting data in 1994 and 1997, respectively. Together, the two longitudinal studies have followed
Catholic clergy from throughout the United States ROS and individuals from the greater Chicago area
(MAP) who were without known dementia at the time of enrollment). Both studies were approved by an
Institutional Review Board of Rush University Medical Center. All participants signed an informed consent,
an Anatomic Gift Act, and a repository consent that allowed their data and biospecimens to be shared.
Collectively, these studies have generated a wealth of data including longitudinal measurements of cogni-
tive function throughout the course of aging as well as, in some cases, during the onset and progression of
AD. Participants in both studies also underwent annual clinical evaluations. During the clinical evaluations,
five domains of cognition were evaluated (i.e., episodic memory, semantic memory, working memory,
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perceptual orientation, and perceptual speed) using 17 different tests from established protocols (Bennett
et al., 2018; Wilson et al., 2015). The average z-scores produced by these quantitative evaluations were
used to compute global cognition scores that were previously measured and published (Bennett et al,,
20123, 2012b) and made available for correlative analyses. In addition to longitudinal cognitive measure-
ments, the participants also consented to donate their organs at the time of their death, thus allowing for
post-mortem analyses of KIF1T mRNA expression levels and pathological measures in brain. The process-
ing of the genomic sequencing data (Illumina HiSeq platform) from frozen sections of a third of the DLPFC
(Lim et al., 2014; Mostafavi et al., 2018) were made available for our study. The remaining DLPFC, and the
PCC and the head of the CN were processed similarly. Data are available on the AMP-AD Knowledge Portal
(syn3219045) as well as the Rush Alzheimer’s Disease Center Resource Sharing Hub (https://www.radc.rush.
edu). Data processing followed a published protocol (Logsdon et al., 2019) including alignment to GRCh38
with STAR (v2.5.2b) and gene counting with feature Counts from subread (v2.0.0). RNAseq quality control
(QC) included the removal of samples for low RIN (< 4), high postmortem interval (> 24 h), and missing GC
content.

QUANTIFICATION AND STATISTICAL ANALYSIS

Analyses of data from human subject in the ROS/MAP study were completed in R (Version 3.5.1, https://
www.r-project.org). Cross-sectional analyses with cognitive performance at the final visit were performed
using linear regression, and longitudinal analyses of cognitive trajectories prior to death were performed
using linear mixed-effects models with the intercept and interval (time from last visit modeled in years)
included as fixed and random effects in the model. All models were covaried for age at death, sex, post-
mortem interval, and the interval between the final cognitive assessment and death. Quantification and sta-
tistical analyses for all other experiments used GraphPad Prism version 9.0.2 (https://www.graphpad.com/
scientific-software/prism/) to perform ordinary one-way ANOVA and post-hoc Holm-Sidak’s multiple com-
parisons tests, with statistical significance measured at p < 0.05. Data are presented as the mean with error
bars representing +/— of the standard error of the mean. Specific details of the analysis of data presented in
this study, including sample size and for the statistical tests used for each analysis are outlined in each
figure legend corresponding to those data.
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