Metabolic and Growth Rate Alterations in Lymphoblastic
Cell Lines Discriminate Between Down Syndrome and

Alzheimer Disease

Pinar Coskunl*, Pablo Helgueral’z, Zahra Nematil, Ryan C. Bohannanl, Jean Thomasl,
Samuel E. Schriner, J ocelyn Argueta', Eric Doran’, Douglas C. Wallace’, Ira T. Lott,
Jorge Busciglio'

'Department of Neurobiology and Behavior, Institute for Memory Impairments and Neurological
Disorders (iMIND), and Center for the Neurobiology of Learning and Memory (CNLM),
University of California, Irvine, CA.

*Instituto de Investigacion Médica Mercedes y Martin Ferreyra, Cérdoba, Argentina

*Department of Pharmaceutical Science, University of California, Irvine, CA.

*Department of Pediatrics, University of California, Irvine, CA.

Center for Mitochondrial and Epigenomic Medicine (CMEM), Children's Hospital of
Philadelphia, and Department of Pathology and Laboratory Medicine, University of
Pennsylvania, Philadelphia, PA.

Corresponding authors:

Pinar Coskun, M.D.

Department of Neurobiology and Behavior,

Institute for Memory Impairments and Neurological Disorders (iMIND),
University of California, Irvine

3400C Biological Sciences III, Irvine, CA 92617

Phone: (949) 350 7007 Fax: (949) 824 2447

pinar@uci.edu

Jorge Busciglio, Ph.D.

Department of Neurobiology and Behavior,

Institute for Memory Impairments and Neurological Disorders (iMIND),
University of California, Irvine

3216 Biological Sciences III, Irvine, CA 92617

Phone: (949) 824-4820 Fax: (949) 824 2447

jbuscigl@uci.edu




Key Words:

Down syndrome

Dementia

Alzheimer Diseases
Mitochondrial Dysfunction
Oxidative stress

Metabolic alterations
Lymphoblastoid cell lines
Autophagy

Growth retardation



Abstract

Background: Deficits in mitochondrial function and oxidative stress play pivotal roles in Down
syndrome (DS) and Alzheimer’s disease (AD) and these alterations in mitochondria occur
systemically in both conditions.

Objective: We hypothesized that peripheral cells of elder subjects with DS exhibit disease-
specific and dementia-specific metabolic features. To test this, we performed a comprehensive
analysis of energy metabolism in lymphoblastic-cell-lines (LCLs) derived from subjects
belonging to four groups: DS-with-dementia (DSAD), DS-without-dementia (DS), sporadic AD
and age-matched controls.

Methods: LCLs were studied under regular or minimal feeding regimes with galactose or
glucose as primary carbohydrate sources. We assessed metabolism under glycolysis or oxidative
phosphorylation by quantifying cell viability, oxidative stress, ATP levels, mitochondrial
membrane potential (MMP), mitochondrial calcium uptake, and autophagy.

Results: DS and DSAD LCLs showed slower growth rates under minimal feeding. DS LCLs
mainly dependent on mitochondrial respiration exhibited significantly slower growth and higher
levels of oxidative stress compared to other groups. While ATP levels (under mitochondrial
inhitors) and mitochondrial calcium uptake were significantly reduced in DSAD and AD cells,
MMP was decreased in DS, DSAD and AD LCLs. Finally, DS LCLs showed markedly reduced
levels of the autophagy marker LC3-II, underscoring the close association between metabolic
dysfunction and impaired autophagy in DS.

Conclusion: There are significant mitochondrial functional changes in LCLs derived from DS,
DSAD and AD patients. Several parameters analyzed were consistently different between DS,
DSAD, and AD lines suggesting that metabolic indicators between LCL groups may be utilized

as biomarkers of disease progression and/or treatment outcomes.



Introduction

A key feature of Down syndrome (DS) is the high predisposition of individuals to develop
Alzheimer’s disease (AD) [1-5]. Chronic oxidative stress and mitochondrial dysfunction are key
factors, that are thought to contribute not only to the development of AD, but also to additional
clinical conditions commonly observed in individuals with DS such as diabetes, immune system
abnormalities and autism spectrum disorder [6-9]. Oxidative stress and metabolic deficiencies
have been consistently observed in different DS primary cells including fibroblasts [10, 11],
cortical neurons, astrocytes and pancreatic  cells [12]. These alterations are related to the
presence of increased basal levels of mitochondrial reactive oxygen species (ROS), deficits in
electron transport chain (ETC) components, and an adaptive down-regulation of mitochondrial
activity. [12, 13]. Most of the studies reporting oxidative stress and metabolic defects in DS have
been obtained examining fetal or young DS cells and tissues. However, little information is
available with respect to metabolic changes in cells from mature and aged individuals with DS.

Given that a high number of individuals with DS develop AD dementia and virtually all of them
develop AD neuropathology [3, 14], it would be critical to understand the changes in cellular
metabolism associated with this transition as well as characterizing clinical biomarkers for
disease progression. Based on findings from the literature and our own studies [15-22], we
hypothesized that peripheral tissues from DS individuals may present disease state-related
signature changes, with a particular emphasis on mitochondrial and metabolic parameters. From
our previous study, we learnt that in DS with Alzheimer disease (DSAD) and AD brains and
LCLs there is significantly more mtDNA mutations than in DS brains and LCLs [19].
Furthermore, mitochondrial dysfunction seems to play a critical role leading to intracellular
deposition of A4y, reduced levels of ABPPs, and a chronic state of increased neuronal
vulnerability [10]. In this study, we tested for differential metabolic features in DS DS, DSAD,
AD and control LCLs. Specifically, we assessed the growth profile and metabolic parameters of
lymphoblastic cell lines (LCLs) generated from demented and non-demented individuals with
DS, and compared them to those of sporadic AD and control LCLs. We found that DS, DSAD
and AD exhibit different degree of mitochondrial defects and oxidative stress compared to
controls. There was a clear growth retardation under minimal feeding conditions in DS and

DSAD LCLs compared to AD and control cell lines. Furthermore, under oxidative conditions,



significant differences in metabolic function were apparent between DS and DSAD LCLs. Thus,
LCLs reveal metabolic changes associated with the neurodegenerative process and point to

cellular metabolic parameters as potential useful peripheral biomarkers of disease progression.

Materials And Methods

The study protocol was approved by the University of California, Irvine Institutional Review

Board (IRB). Written informed consent was obtained from all cell donors.
Sample Collection and generation of LCLs: An EBV immortalization protocol was

used to establish LCLs [23]. DS and DSAD blood samples were obtained during patient
examinations of our current longitudinal cohort studies and were derived from subjects with
confirmed full trisomy 21 subjects. Eight to twelve LCLs were analyzed in each group (control,
DS, DSAD and sporadic AD). All subjects were in the age range of 40 to 70 years. Detailed
demographic information is listed in table 1. Three to six subjects of each gender were tested for
each assay. Results are reported as a combination of male and female LCLs for each group.
Venous blood samples were collected in 10 mL yellow-top tubes containing acid citrate/dextrose
solution. After 3 days at room temperature, the plasma fraction was removed by centrifugation at
800 rpm for 15 min. The red blood cell and buffy coat fractions were diluted 1:1 in RPMI 1640
(Life Technologies), layered on pre-prepared Histopaque 1077 (Sigma-Aldrich) gradients and
centrifuged at 1100 rpm for 45 min. The white fraction above the fluffy layer containing
lymphocyte cells was collected for EBV transformation. Previously prepared virus cocktails
from Epstein-Barr virus-infected marmoset cells, line B95-8 was used for transformation under
cyclosporine treatment [23]. After 2 to 3 weeks of expansion, established cell lines were stored
in liquid nitrogen.

LCL culture conditions: Cells were maintained in RPMI 1640 medium without glucose
(Life Sciences) supplemented with 15% FBS and 2mM L-Glutamine. In order to assess
glycolytic metabolism, cells were kept in 2 gr/L glucose with regular FBS. To assess oxidative
metabolism, cells were switched and adapted to medium containing 2 gr/L galactose instead of
glucose and 15% dialyzed FBS. After thawing, cells were grown for 5 days before

experimentation.



Karyotyping: LCLs were incubated in 5 pg/mL colchicine (Sigma-Aldrich) for 3 hr.
Colchicine was added 1 hr after a medium change. Cells were centrifuged at 1000 rpm for 5 min
and resuspended in hypotonic KCl1 (0.56%) at 37°C for 20 min. Then the cells were gently fixed
with methanol:acetic acid (3:1) at 4°C for 30 min. Chromosome spreading was performed as
described [24] and analyzed under a fluorescent microscope. Images were taken at 100X
magnification and processed with Image J software for chromosome counting.

Mitochondrial membrane potential and mtPTP activation: Cells at 5x10° total
density were permeabilized in 0.02% digitonin (Sigma-Aldrich) for 5 minutes and incubated on
ice in H-buffer (225mM mannitol, 75SmM sucrose, 10mM MOPS, ImM EGTA and 0.5% fat free
BSA at pH 7.2). Cells were pelleted by centrifugation at 1000 rpm for 5 min and resuspended in
reaction buffer (250 mM sucrose, 10 mM MOPS, 2 mM K,HPO4, 5 mM succinate, pH 7.2).
Mitochondrial fractions were resuspended in 4 ul aliquots, centrifuged 2 min at 10,000 g and
brought to 200 pl in isolation buffer without BSA. Protein level was quantified using the
Bradford method. Mitochondrial membrane potential and permeability transition (mtPTP) were
measured using the fluorescent probe rhodamine 123 (Molecular Probes, Life Technology) using
a Perkin Elmer LS50B luminescent spectrophotometer set at excitation/emission 490/535 nm.
One mg of mitochondrial protein was added to 3 ml of reaction buffer at 30°C. Fluorescence was
allowed to stabilize and then CaCl, was added in sequential aliquots of 15 or 25 nmol, each
associated with a transient increase in fluorescence. Activation of the mtPTP and collapse of the
electrochemical gradient was signaled by the maximum rise and stabilization of fluorescence.
Rhodamine 123 concentrations were quantified using a standard curve, and membrane potential
was calculated using the Nernst equation [25]. The concentration was calculated using the
minimum level of fluorescence after the addition of mitochondria (Fousige) and the internal
concentration measured as the difference between the total concentration (maximum
fluorescence obtained after CaCl, addition, Fyap) and the concentration outside (Fiotal = Foutside =
Finterna1). Mitochondrial volume was set at 1 pl /ug as previously described [26].

Growth/proliferation assays: Growth curves were measured at multiple times containing

all four groups with 4 to 6 LCLs in each group and each sex. The growth experiment was
designed to analyze glycolytic and oxidative behavior of LCLs under regular and minimal
feeding conditions. Each LCL was set up at 3x10° cells/mL, 10 ml plating volume for both

glucose and galactose based media. Cell counts were performed using a hemocytometer and



collected every other day up to day 15. Regular feeding regime was applied every other day to
keep cell density below 10° cell/mL. Minimal feeding conditions were maintained throughout
the experiments at 10 ml total volume by adding 1 to 2 ml of RPMI 1640 with 2mM L-glutamine
every 4 days.

ROS quantification: Mitochondrial H,0O, levels were measured using the fluorescent probe

MitoSOX (Molecular Probes, Life Technology). Cells primed in glucose and galactose
conditions were incubated in 5 uM MitoSOX 30 min at 37°C in HANK’S balanced salt solution.
After two washes, the cells were plated at 100,000 cell/well in 96-well plates in triplicate wells.
Fluorescence was measured at excitation/emission 510/580 nm in a fluorescent reader
(Molecular Devices Gemini EM). Total cellular ROS levels were measured using the fluorescent
probe CM-H,DCFDA (Molecular Probes, Life Technologies). In addition to baseline measures,
paraquat (N,N'-dimethyl-4,4'-bipyridinium dichloride) (pQ) was used to induce oxidative stress.
pQ converts molecular oxygen to superoxide anion and other ROS after reduction by cellular
cytochrome P-450s and mitochondrial complex 1 (NADH dehydrogenase)[27]. LCLs plated at
100,000 cells/well in triplicate wells for each cell line were treated with 250 pM pQ or vehicle
for 48 hr. Then, the cells were incubated in 5 pM CM-H,DCFDA for 30 min, washed twice, and
the fluorescence was measured at excitation/emission of 495/525nm.

ATP measurements: 100,000 cells/well were plated on pre-coated poly-lysine (Sigma-

Aldrich) white opaque 96 well plates. Total ATP levels were measured using a commercial kit
(Perkin-Elmer ATP-Lite) at baseline and after 30 min of incubation with 100 uM FCCP and 10
uM rotenone, 3.6 uM antimycin, and 5 pM oligomycin. Luminescence was measured using a
Beckman LD-400 luminometer. Each cell line was assayed in triplicate wells. Values were
normalized using total cell number/well.

Western Blot: Cells were collected and cell pellets were frozen at -80° C. Then the samples
were rapidly thawed and resuspended in RIPA buffer (10% deoxycholic acid, 1M Tris HCI
pH:7.5, SM NaCl, 10% Triton X, 10% SDS) plus protease and phosphatase inhibitors (Roche).
Equal amounts of protein (20ug/sample) were separated on 4-12% Bis-Tris gels (BioRAD),
transferred to nitrocellulose membranes and blocked for 1 hr (StartingBlock, Thermo Scientific).
Membranes were incubated overnight at 4°C with anti-LC3 (1:1000, Cell Signaling) and anti-
GAPDH (1:5000, Abcam) antibodies. Then, the membranes were washed with 0.1% Tween
20/Tris-buffer (pH 7.5) and incubated with horseradish peroxidase-conjugated secondary



antibodies (1:10,000, Pierce Biotechnology) for 1 hr. Blots were developed using a

chemiluminescence kit (Super Signal, Thermo Scientific) and quantified using Image J.

Results

Full chromosome 21 trisomy was confirmed in all DS and DSAD cell lines. All control and ADs
LCLs were euploid. Thus, the immortalization process did not affect the primary cells’ original

karyotypes.

Reduced mitochondrial membrane potential in DS, DSAD and ADs LCLs.

Mitochondrial membrane potential (MMP) was analyzed using the fluorescent probe rhodamine
123. MMP is a critical functional parameter of electron transport chain function, which generates
and maintains the MMP. We obtained MMP values of 180.2 mV in controls, 170.1 mV in DS,
167.8 mV in DSAD and 159.8 mV in AD LCLs (Figure 1A). Thus, we found significant
reductions in MMP in DS, DSAD and AD compared to control LCLs (p=0.03, ANOVA),

indicating alterations in mitochondrial function in LCLs derived from all three disease groups.

Differential mitochondrial calcium uptake discriminates between DS, DSAD

and AD LClLs.

Mitochondria play a major role maintaining low cellular calcium levels by taking up calcium
when cytosolic levels increase. Elevated cytosolic [Ca™ '] levels leads to the collapse of the MMP
and induces the formation of the mitochondrial permeability transition pore (mPTP) leading to
apoptosis. Hence, mitochondrial calcium uptake capacity represents a threshold for the initiation
of programmed cell death [28]. We measured mitochondrial calcium uptake before mPTP
formation in LCLs. Control LCLs required 109.0 nmoles of calcium to initiate mPTP opening,
while DS, DSAD and AD LCLs required 96.8, 67.8 and 67.2 nmoles, respectively (ANOVA
p<0.05)(Figure 1B). DSAD and AD LCLs exhibited significantly low calcium uptake capacity
suggesting that changes in the ability of mitochondria to modulate intracellular [Ca"] levels and
hence increased susceptibility to apoptotic stimuli are associated with AD in patient-derived

LCLs.



DS and DSAD LCLs exhibit impaired proliferative capacity.

LCLs utilize glycolysis to generate ATP in glucose-containing medium. However, replacing
glucose with galactose forces LCLs to switch to oxidative phosphorylation for ATP production
[29] We evaluated the proliferation of LCLs in glucose- or galactose-containing medium under
minimal feeding conditions, a useful paradigm to study metabolic defects, autophagy and
differential stress-induced responses in gene expression in several disease paradigms [30, 31].
All LCLs groups exhibited similar growth rates in regular culture medium and normal feeding
conditions (Figure S1). Consistent with previous reports, LCLs proliferation was slower in

galactose- than in glucose-based medium (Figure 2 and Figure S1)[32].

Under minimal feeding regime, DS and DSAD LCLs grew significantly slower in both glucose-
and galactose-based media (Figure 2). In glucose medium, marked differences were apparent
during the first week (Figure 2A). Both DS and DSAD LCLs reached the growth plateau by 10
days, while CTR LCLs typically grew steadily until day 13 (p=0.001 ANOVA). In contrast, AD
LCLs proliferated even faster than CTR LCLs but, similar to DS and DSAD LCLs, reached a
growth plateau at day 10. As a result of the slower growth rate, DS and DSAD LCLs reached the
growth plateau at approximately 50% lower cellular density (i.e., ~6x10° total cells/well) than
control and AD LCLs (i.e. ~12x 10 total cells/well) (Figure 2A). It has been reported that AD
LCLs grow faster under normal glycolytic condition than CTR LCLs [33]. Interestingly we
didn’t observe a similar phenomenon under normal feeding condition but a similar tren was
indeed observed under minimal feeding conditions even though the difference in growth rate

between AD and CTR LCLs did not reach statistical significance.

In galactose-containing medium, control and AD LCLs proliferated steadily reaching the growth
plateau around day 12/13 (Figure 2B). Under galactose, the total number of cells was
approximately an order of magnitude lower than in glucose-containing medium. DS LCLs
exhibited modest growth reaching the plateau by day 3. Interestingly, minimal feeding conditions
in galactose-based medium revealed a significant difference in growth rates between DS and
DSAD LCLs (Figure 2B, compare green [DS] and red [DSAD] curves). AD LCLs grew steadily
and similar to control LCLs during the first 7 days, exhibiting a major difference in cell number

compared to DSAD (p=0.03). Thus, growth rates in glucose- and galactose-containing medium



and minimal nutrient availability expose significant differences in growth rates between DS,

DSAD and AD LCLs.

Differential response patterns of DS, DSAD and ADs LCLs to oxidative stress.

In most cells, mitochondria normally produce ROS as a byproduct during ATP generation that
are neutralized by specific antioxidant mechanisms [34]. However, under stressful or toxic states,
ROS levels can overwhelm the antioxidant defense mechanisms and produce structural cellular
damage [34, 35]. Since DS, DSAD and AD LCLs exhibit significantly low MMP, a strong
indication of mitochondrial dysfunction, we analyzed ROS levels. We measured baseline
cellular ROS levels and the resilience of LCLs to toxins that increase free radical production
such as pQ. We measured cellular ROS using the fluorescent probe DCF. Under basal
conditions DS LCLs displayed significantly higher ROS levels compared to the other 3 groups
(ANOVA p=0.04)(Figure 3A). PQ treatment increased ROS levels in all groups (two way
ANOVA p<0.05), but DSAD LCLs showed the largest increase with pQ treatment (p=0.006).
Next we studied mitochondrial ROS (mROS) production in both glucose and galactose media. In
galactose medium, DS, DSAD and AD LCLs showed increased levels of mROS (DS and AD)
(Figure 3B). The increase in mROS in DS LCLs was more prominent than in the other groups.

In glucose, DS, DSAD and AD LCLs exhibited a consistent 75% decrease in ROS production
compared to control LCLs (p<0.008). Taken together these results suggest that DS, DSAD and
AD LCLs resort to glycolysis to avoid excess mROS production during oxidative

phosphorylation.

We also assessed the effect of mitochondrial inhibitors on ATP levels. Quantifications were
performed at baseline and after 30 min of combined treatment with the electron transport/ATP
synthesis inhibitors rotenone, antimycin and oligomycin (i.e. RAO) [36]. There was no
difference in ATP production between LCL groups at baseline (Figure 3C). However, treatment
with RAO induced a significant reduction in ATP production in DSAD and AD LCLs (Figure
3C) indicating increased susceptibility of DSAD and AD LCLs to mitochondrial insults.

Differential LC3-II expression levels in DS, DSAD and AD LCLs.
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Limitation of carbon sources is the most extensively studied condition that induces autophagy.
Reduced autophagy has been reported in frontal cortex of elderly DS and AD patients [37]. Since
mitochondrial dysfunction and increased ROS are proposed to initiate autophagy under nutrition-
deprived conditions [38], we investigated whether DS growth retardation could be associated
with abnormal, systemic autophagy in DS and AD. We evaluated autophagy on LCLs using the
marker microtubule-associated protein 1 (LC3). LC3 is converted from a cytosolic form (LC3-I)
to a lipidated form (LC3-II) upon autophagy induction, and it is then inserted into
autophagosome membranes. Therefore, increased cellular levels of LC3-II are a direct indicator
of autophagy activation [39-41]. We observed reduction of LC3-II levels in glucose-primed DS,
DSAD and ADs LCLs (Figure 4A)(p<0.003, p<0.03, p=0.06 respectively ANOVA) in agreement
with a previous report in brain tissue [37]. Surprisingly, LC3-II levels were significantly lower
in all four groups of LCLs primed with galactose compared to the same groups maintained in
glucose-containing medium (Figure 4A and B, two way ANOVA p<0.001). However, only DS
LCLs showed a significant reduction of LC3-II under galactose primed medium (Figure
4B)(p<0.003, ANOVA). DS LCLs showed a marked reduction in LC3-II levels in both glucose-
and galactose-containing medium, indicating that autophagy is impaired in DS LCLs compared
to DSAD and AD LCLs, possibly as a consequence of chronically increased baseline cellular

ROS [41].

Discussion

Available evidence indicates the existence of increased oxidative stress and mitochondrial
dysfunction in peripheral cells such as fibroblasts, amniocytes and LCLs in subjects with DS [11,
17, 42, 43]. LCLs derived from young individuals with DS (3 to 14 years of age) exhibited
reduced oxygen consumption suggesting compromised mitochondrial bioenergetics [44]. The
presence of mitochondrial defects in DS cells and tissues predicts alterations in cellular growth,
which have been found in both mouse models of DS [45-47] and DS tissues [12, 48]. In this
study, we performed direct comparisons of metabolic function and growth rates in LCLs
generated from B-lymphocytes of patients with DS, DSAD, sporadic AD and age-matched
control subjects. This is the first study to explore metabolic function in peripheral tissues across

these disease groups.
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We focused on parameters of mitochondrial function which, as shown previously, are
consistently altered in DS primary cells derived from fetal tissues [12]. We not only found that
mitochondrial alterations are present in LCLs from older patients with DS, but also that several
of these parameters are differentially affected in DS, DSAD and AD LCLs (Table 2). For
example, while MMP was significantly reduced across all three disease groups, the capacity to
buffer [Ca"™] levels and maintain the electrochemical gradient was similar in control and DS
LCLs but markedly lower in DSAD and AD LCLs. (Figure 1). These differences in MMP and
calcium uptake could be related to different baseline mitochondrial [Ca™'] levels between the
LCL groups. For example, AD transgenic mice exhibit low MMP and low mitochondrial
calcium buffering capacity [49]. Thus, in our experiments, AD and DSAD baseline
mitochondrial [Ca"'] levels may be higher than that of DS and CTR LCLs, therefore reducing
the threshold to induce transition pore opening. The observed differential ROS levels in DS and
DSAD, i.e. higher baseline ROS in DS than in the other groups can eventually lead to increased

baseline mitochondrial calcium levels [50-55].

Several proteins encoded by chromosome 21 genes can modulate calcium signaling, including
RCANTI and DYRKI1A [56, 57]. In DS and AD, calcium dishomeostasis could have a genetic or
epigenetic origin since the expression of these same genes appears to be involved in regulating
methylation [58, 59]. Ultimately, impaired modulation of calcium signaling leads to increased
susceptibility to apoptotic stimuli associated with the presence of AD pathological changes, not

only in the CNS but also in peripheral tissues and cells [60].

With respect to the higher baseline of ROS observed in DS cells, a recent study showed reduced
H202 release to the extracellular medium by DS LCLs [61]. However, H202 release is the joint
result of ROS production, metabolism, and degradation which involve multiple cellular
pathways. This is substantially different than the direct measurements of cellular ROS levels
applied in our study. Thus, additional experiments will be required to fully characterize ROS

metabolism and catabolism in DS cells.
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Differential results were also obtained after assessment of cellular proliferation. Proliferation of
DS LCLs under regular feeding conditions was similar to normal LCLs, consistent with previous
experiments utilizing skin fibroblasts [62]. However, when we limited the carbon source under
oxidative phosphorylation or glycolysis, we found marked alterations: DS and DSAD LCLs
under minimal glucose showed impaired growth. In galactose, which drives the cellular ATP
supply from oxidative phosphorylation (i.e., mitochondrial-dependent state), there was a
substantial difference in the growth rate of DS and DSAD LCLs, and both were clearly different
from AD and control LCLs (Figure 2). We also examined the response of LCLs to oxidative
stress, a prominent feature of DS pathology and a critical player during the aging process and in
AD [63-65]. Under basal conditions, DS LCLs showed higher cellular ROS than the other
groups. After induction of oxidative stress by pQ, both DS and DSAD exhibited larger increases
in ROS levels than control and AD LCLs, likely due to the diminished capacity of aneuploid
cells to withstand oxidative insults [66]. Interestingly, pQ treatment resulted in a significant
induction of ROS specifically in DSAD cells indicating further impairment in antioxidant
capacity related to the progression of AD. In this regard, it will be important to further examine
the potential impact of amyloid-B levels in peripheral tissues on cellular metabolism and free
radical generation. When we examined mitochondrial ROS production in galactose-containing
medium, we found increased ROS levels in DS, DSAD and AD LCLs, implying that both the
genomic imbalance of trisomy 21 and AD-related changes contribute to mitochondrial oxidative
stress. This interpretation is consistent with previous results indicating that, while ABPP
overexpression is a critical factor driving AD pathology, imbalanced expression of other gene(s)
located in chromosome 21 contribute significantly to the neurodegenerative process [67, 68].
ROS management becomes even more critical in the nervous system, where the vast majority of

the cellular population is comprised of non-dividing cells.

Interestingly, AD LCLs exhibited a faster growth trend than the other LCLs groups under
minimal feeding conditions. A similar result has been reported by de las Cuevas et al. [33]. The
authors of that study proposed that AD LCLs have lower levels of p27 leading to enhanced cell
division. In this regard, the slow growth of DS lines may be related to misregulation of p27 by
chromosome 21 genes. For instance, DYRK1A phosphorylates p27 which in turn increases p27
degradation and reduced proliferation [69]. Thus, fluctuations in DYRKIA expression and

13



activity may underlie the differential growth between DS and DSAD LCLs. Future studies will
focus on the modulation of the growth rate of DS and DSAD LCLs by DRYKI1A.

Finally, we investigated the effect of limited nutrients on autophagy by analyzing levels of LC3-
I1, a structural component of autophagosomes [39, 40]. Autophagy serves to clear up and recycle
damaged cellular structures, and to feed energy-dependent processes by catabolizing cellular
energy molecules under nutritional deprivation [38, 70]. Importantly, oxidative stress has been
proposed to be a converging point of autophagy induction for both states [71]. In our study,
reduced LC3-II levels of glucose-primed DS, DSAD and AD LCLs compared to controls suggest
that previously observed autophagy defects in DS and AD brains are not limited only to CNS
cells but it is a systemic phenomenon [37]. It is plausible that reduced mitochondrial ROS and
not total cellular ROS, is responsible for decreased autophagy in all three disease groups. A
general reduction of LC3-II levels in galactose- compared to glucose-primed LCLs in all 4
groups would explain the slow growth rates under galactose conditions as observed by us and
others [32]. However, significant reductions of LC3-II in DS LCLs compared to the other groups
suggests impaired autophagy specific to DS. In fact, this would explain DS LCLs quiescent state
and limited proliferation under galactose. Impaired autopaghy in galactose-primed DS LCLs may
originate in chronic elevation of cellular ROS, oxidation of autophagy-related proteins and
impaired LC3-II formation. These results indicate that, decreased autophagy is a prominent

feature of DS LCLs directly linked to proliferation defects in DS LCLs.

In summary, the analysis of mitochondrial function and growth rates in LCLs generated from B-
lymphocytes of DS, DSAD and AD subjects revealed a set of differentially altered metabolic
parameters (Table 2). While the precise molecular mechanisms of these abnormalities is the
focus of ongoing investigation, the results so far suggest that: 1. LCLs retain and express
metabolic changes consistent with disease-specific states in DS and AD; 2. an array of these
parameters may be suitable for development as indicators of disease state and progression; and 3.
the presence of disease-specific alterations in proliferating cell lines derived from primary
lymphocytes suggest that lymphocyte-derived iPSCs may also conserve critical pathological

features to model disease mechanisms and investigate therapeutic options.
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Table 1: Age distribution of the samples. All the samples were selected as Caucasian to
reduce the ethic variability. From each sex, we used 4 to 6 samples for each assay. (AD;
Alzheimer Disease, DS; Down syndrome, DSAD; Down Syndrome with dementia)

Control AD DS DSAD

Sex ID Age ID Age ID Age ID Age

cMm1 41 AM1 55 DM1 41 | DAM1 | 45

cm2 44 AM2 57 DM2 47 | DAM1 | 47

Ccm3 52 AM3 57 DM3 51 | DAM3 | 48

cMm4 57 AM4 60 DM4 51 | DAM1 | 48

CM5 61 AM5 60 DM5 53 | DAM1 | 49

CM6 62 AM6 60 DM6 54 | DAM3 | 51

§ CM7 63 AM7 62 DM7 55 | DAM1 | 51

o AMS8 68 DM8 55 | DAM1 | 52

DM9 56 | DAM3 | 56

DM10 | 57 | DAM1 | 58

DM11 | 60 | DAM1 | 58

DM12 | 60 | DAM3 | 60

DAM1 | 64

DAM1 | 69

CF1 49 AF1 55 DF1 42 DAF1 40

CF2 50 AF2 60 DF2 48 DAF2 40

CF3 53 AF3 66 DF3 51 DAF3 42

CF4 54 AF4 67 DF4 51 DAF4 53

o CF5 56 AF5 70 DF5 52 DAF5 57

3 CF6 66 AF6 75 DF6 57 DAF6 57
® CF7 68 DF7 57
DF8 59
DF9 59
DF10 59
DF11 60
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Table 2: Summary chart of the changes observed in DS, DSAD and AD
compared to Control LCLs levels.

DS DSAD
Mitochondrial Membrane Potential N7 7
Mitochondrial calcium sequestration = N7
Cellular Growth under glucose” N7 7
Cellular Growth under galactose” L 27 7
Change of ATP levels under RAO = 7
Basal cellular ROS levels A =
pQ induced ROS levels* N AN
mROS levels under oxidative metabolism N =
mROS levels under glycolytic metabolism N7 7
LC3-II levels at glycolysis N7 7
LC3-II levels at oxidative metabolism 7 =

*: compared to their individual baseline ROS levels, “:minimal feeding

V:reduced (p<0.05), Av:increased (p<0.05), ¥:increased (p=0.06), =No Change.

RAO: Rotenone, Antimycin, Oligomycin (mitochondrial inhibitors); mROS: mitochondrial
Reactive Oxygen Species; pQ: paraQuat(oxidative toxin); LC3-II: Autophagy marker.
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Figure Legends

Figure 1. Reduced mitochondrial membrane potential and differential calcium uptake in
DS, DSAD and AD LCLs. A. Mitochondrial membrane potential (AY) expressed in millivolts
(mV) was quantified in LCLs from AD, DS and DSAD lines, and compared to age-matched
controls. DS, DSAD and AD LCLs exhibit lower AY (p=0.03, ANOVA). B. Quantification of
total calcium required to induce mitochondrial permeability pore opening. AD and DSAD LCLs
exhibited significantly lower buffering capacity (p<0.05) while there was no difference between

DS and control LCLs.

Figure 2. Impaired proliferative capacity in DS and DSAD LCLs. Cellular proliferation of
LCLs in glucose- (A) and galactose-containing medium (B) was assessed during 15 days. A:
Both DS and DSAD LCLs exhibited slow proliferation in glucose. The difference was evident
starting at day 5 (p=0.001 ANOVA). All four groups reached the growth plateau around day 12.
However, the final number of cells in DS and DSAD LCLs (~6x10°cells/10ml) was markedly
lower compared to control LCLs (~1.2x 10’cells/10ml). B: All four groups exhibited slower
proliferation rates in galactose than in glucose. DS LCLs showed modest proliferation at all time
points while DSAD LCLs significantly slowed down proliferation after day 7. Thus, marked
differences were observed between DS and DSAD at day 7 and thereafter (p=0.039 ANOVA).

Figure 3. Cellular and mitochondrial oxidative stress in LCLs. A. Cellular ROS were
quantified using the fluorescent probe DCFDA. Baseline (BL) levels are indicated by a white
bar. Paraquat (pQ) was added to the culture medium to increase cellular ROS production (shown
as red bar). Black and red dotted lines indicate control ROS levels at baseline and after pQ
administration respectively. DS LCLs exhibited significantly higher cellular ROS at baseline
(p=0.04, ANOVA). DSAD LCLs showed significantly higher ROS production after pQ treatment
(p<0.05, two way ANOVA; individual p values are indicated on the panel). B. Baseline
mitochondrial oxidative stress measured with the fluorescent probe mitoSOX in glucose- and
galactose-containing medium. Ratio of galactose primed LCL to glucose primed LCL (white
bars) levels as well as the antimycin treated galactose primed LCLs to glucose primed LCLs in

individual groups was measured. Although control galactose-primed cells showed similar levels
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of oxidative stress than in glucose medium (ratio~1), DS, DSAD and AD groups showed
increased oxidative stress under galactose conditions (p=0.035 two way ANOVA,; media effect).
Additionally, 30 minute antimycin treatment in galactose primed LCLs showed more ROS than
expected in all groups though the difference did not reach significance. C. Total ATP levels in
LCLs at baseline and after 30 min of treatment with RAO in glucose medium. The results are
presented as the percentage change in ATP level after RAO treatment compared to baseline. The
red dashed line represents the individual group’s baseline. DSAD and AD lines exhibited a
significant reduction in ATP levels after RAO treatment (*p<0.05 ANOVA). DS lines also
showed a trend of reduction in ATP levels (p>0.05 ANOVA). (RFU: Relative fluorescent unit)

Figure 4. Differential LC3-II expression levels in DS, DSAD and AD LCLs. Protein levels of
LC3-1II represented in glucose primed (A) and galactose primed (B) control, DS, DSAD and AD
LCLs. LC3-II levels were reduced in glucose-primed DS, DSAD and AD LCLs compared to
controls (A, **»<0.006, *p=0.03, ep=0.06 ANOVA, respectively). However, only DS LCLs
showed a significant reduction of LC3-II under galactose-primed medium (B, p<0.003,
ANOVA). In addition, LC3-II levels were significantly lower in all four groups of LCLs primed
with galactose compared to the same groups maintained in glucose-containing medium (two way
AcNOVA p<0.001, note that y-axes scales of graph A and B are different, RFU: Relative

fkeurassr).

Supporting Information Legend

Figure S1. Similar growth rate in DS, DSAD, AD and control LCLs under standard feeding
conditions. A. Glucose and B. Galactose primed LCLs were analyzed for 15 days. All four
groups of LCLs demonstrated similar growth pattern. LCL proliferation was significantly slower
under galactose supplementation compared to glucose for all four groups of LCLs (Note that the

y-axes scales are different between the graphs).
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Figure 1. Reduced mitochondrial membrane potential and differential calcium uptake in

DS, DSAD and AD LCLs.
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Figure 2. Impaired proliferative capacity in DS and DSAD LCLs.
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Figure 3. Cellular and mitochondrial oxidative stress in LCLs.

A. B
p=0.05
2500+ p=0.02
p=0.006
3 5 <0.0001 p-0.04
9 2000 p=0.006 2 307 [ Glu
8 B rQ S 0, Gal
S Ol S 25 =
o o
0 .
o] ]
i - L 2.0+
L 1500 T T L
1.54 Ill
1000+ T T T 1.0 I‘ll IlII T
Ctr DS DSAD AD Ctr DS DSAD AD
C.
g
L1010 B
<
° 1
£
3 90+
(7]
8
o 804
£
S 704
X
60 T
Ctr

27



Figure 4. Differential LC3-II expression levels in DS, DSAD and AD LCLs.
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Figure S1. Similar growth rate in DS, DSAD, AD and control LCLs under standard feeding

conditions.
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