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Abstract

Telomere length (TL) is an important biomarker of cellular aging, yet its links with health
outcomes may be complicated by use of different tissues. We evaluated within- and between-
individual variability in TL and quality metrics of DNA across five tissues using a cross-sectional
dataset ranging from 8 to 70 years (N=197). DNA was extracted from all tissue cells using the
Gentra Puregene DNA Extraction Kit. Absolute TL (aTL) in kilobase pairs was measured in
buccal epithelial cells, saliva, dried blood spots (DBS), buffy coat, and peripheral blood
mononuclear cells (PBMCs) using gPCR. aTL significantly shortened with age for all tissues
except saliva and buffy coat, although buffy coat was available for a restricted age range (8 to
15 years). aTL did not significantly differ across blood-based tissues (DBS, buffy coat, PBMC),
which had significantly longer aTL than buccal cells and saliva. Additionally, aTL was
significantly correlated for the majority of tissue pairs, with partial Spearman’s correlations
controlling for age and sex ranging from p = 0.18 to 0.51. We also measured quality metrics of
DNA including integrity, purity, and quantity of extracted DNA from all tissues and explored
whether controlling for DNA metrics improved predictions of aTL. We found significant tissue
variation: DNA from blood-based tissues had high DNA integrity, more acceptable A260/280
and A260/230 values, and greater extracted DNA concentrations compared to buccal cells and
saliva. Longer aTL was associated with lower DNA integrity, higher extracted DNA
concentrations, and higher A260/230, particularly for saliva. Model comparisons suggested that
incorporation of quality DNA metrics improves models of TL, although relevant metrics vary by
tissue. These findings highlight the merits of using blood-based tissues and suggest that
incorporation of quality DNA metrics as control variables in population-based studies can

improve TL predictions, especially for more variable tissues like buccal and saliva.
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Introduction

Characterizing variation in telomere length (TL) and its links to human health outcomes is of
interest across diverse scientific disciplines. Telomeres are ribonucleoprotein structures that
maintain and protect the ends of chromosomes [1]. Telomeres shorten during cell division,
resulting in age-related decreases in TL [2-4], occurring most rapidly early in life and continuing
across the lifespan [5]. Variable TLs among same-aged individuals are thought to be the result
of inherited genetic determinants of TL [6-8] and environmental exposures that accelerate TL
loss [9-12]. Because short TL is linked to higher risk of age-related health outcomes [13-16] and
early mortality [17-19], TL is frequently used as a biomarker of cellular aging in population
studies [20, 21]. However, applications of TL to assess morbidity and mortality risk have
produced inconsistent findings [19], leading to concerns about the utility of TL as a biomarker of
aging [22, 23]. Importantly, inconsistencies in population research may be driven by key
methodological differences in study design (e.g., tissue type, covariates selection, DNA

extraction) [24-27].

TL has the potential to be an important biomarker of cellular aging in epidemiological and clinical
research, yet establishing clear links with health outcomes are complicated by the use of
different tissues across studies. Blood leukocytes, peripheral blood mononuclear cells (PBMCs),
dried blood spots (DBS), saliva, and buccal epithelial cells are commonly used in population-

based studies. Within an individual, TL may vary among these tissues due to factors such as
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79  cell composition, cell turnover rates, stem cell capacity to regenerate or differentiate, and

80 dynamic regulation of TL by telomerase and other associated proteins [28-33]. Previous work
81 has shown TL appears moderately to strongly correlated across tissues [0.53 < r < 0.93; 34, 35-
82  37], although sex, behaviors (e.g., smoking), and telomere measurement assay may modulate
83 these patterns [35, 36, 38]. Moreover, despite being correlated, there appear to be significant
84  differences in measured TL across tissues [34-37, 39]. For example, Demanelis et al. [35]

85  showed that tissue type accounted for 11.5-24.3% of variation in measured TL, which clustered
86 by the developmental origin of each tissue. McLester-Davis et al. [38] demonstrated similar

87 findings in a previous meta-analysis, observing stronger correlations among related tissues,

88 e.g., blood-based tissues. Importantly, this meta-analysis also noted significantly lower

89 correlations between tissues collected peripherally (e.g., buccal, PBMCs) and those collected
90 surgically (e.g., bone marrow, spleen), highlighting the importance of tissue collection and

91 processing procedures in cross-tissue concordance of TL measurements. In addition, previous
92  work has also demonstrated significant differences in quality metrics of DNA across different
93 tissues [40, 41], however it remains uncertain to what degree tissue-specific variation in the

94  integrity, purity, and quantity of extracted DNA may influence the efficacy of TL assays and

95  correlations among tissues. Given that tissue type is often a significant moderator of

96  associations between TL and health outcomes [42, 43], it is vital that we better understand

97  tissue diversity in TL.

98 Here, we quantified variation in absolute TL (aTL) across five tissues that are commonly used
99 in population studies, namely buccal epithelial cells, saliva, DBS, buffy coat (i.e., leukocytes),
100 and PBMCs. We evaluated within- and between-individual variation in aTL using a cross-
101  sectional dataset of individuals ranging from 8 to 70 years of age. First, we quantified biological
102  variation in aTL across tissues, age, sex, and race. We next evaluated whether tissues varied in

103 the integrity, purity, and quantity of extracted DNA, which may influence the success and
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104  precision of telomere measurement assays. We subsequently assessed whether inclusion of
105 information about DNA integrity, purity, and quantity improves model fits of aTL. Finally, we
106  make recommendations on an optimal tissue type and quality control guidelines of extracted

107  DNA for large population-based research.

108

100 Materials and Methods

110 Study Design and Sample Recruitment

111 Study participants were recruited from the Pennsylvania State University (PSU) community and
112  surrounding areas, with some children recruited from other regions within Pennsylvania, as
113  described in more detail below. This study and all protocols were approved by PSU’s

114 Institutional Review Board.
115  Adults

116  Adult participants were recruited via advertisements located on PSU’s University Park campus,
117  community bulletins in State College and surrounding areas. Inclusion criteria for the study
118 included: (a) ages 18-75, (b) no significant medical illness or immune disease (e.g., cancer,
119 diabetes, or autoimmune disease), (c) current non-smoker, and (d) not pregnant or currently
120  breastfeeding. Individuals were excluded if they self-reported a recent infection, illness, and/or
121  use of antibiotics. To balance across ages and sex, eligibility became more restricted as

122 sampling progressed. The maximum age was restricted to 75 years due to mortality selection
123  [44] and the longer telomeres in exceptionally old individuals compared with controls with

124  advancing age [45]. This study included 77 adult participants between 18 and 70 years old

125  (Table 1).
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126  After obtaining informed consent, tissue samples and demographic information were collected
127  from adult participants at PSU’s Clinical Research Center (CRC). First, participants completed a
128  set of paper questionnaires to collect demographic and health-related information. Second, four
129 tissue cells were collected, namely PBMCs, DBS, saliva, and buccal cells. Specifically, 20 mL of
130  whole blood was collected in EDTA tubes via antecubital venipuncture by a trained

131  phlebotomist. Approx. 200 uL of whole blood was applied to a Whatman 903 protein saver card,
132  which we refer to as a dried blood spot (i.e., “DBS”), after which PBMCs were isolated through
133  density-gradient centrifugation using Ficoll. Participants were also asked to provide 4 mL of

134  saliva across two Oragene tubes (OGR-500, DNA Genotek), which upon completion, was mixed
135  with the Oragene stabilizing buffer and sealed. Last, buccal cells were collected non-invasively
136  using sanitary swabs (Isohelix SK1; 8 per individual), which were coated in cells by firmly

137  scraping against the inside of the cheek several times in each direction. Collection order for all
138 tissue types was uniform across participants. Participants were asked to refrain from eating or
139  drinking anything other than water for one hour before arriving at the CRC. Tissue samples

140  were then stored as follows: PBMCs were stored at -80°C in a solution buffer composed of

141 phosphate buffered saline pH 7.2+EDTA (2mMol) + bovine serum albumin (0.5%) prior to

142  extraction. DBS were stored in sealed Ziploc bags with desiccant packets at room temperature.
143  Buccal swabs were placed in sealed Ziploc bags and stored at -80°C. Saliva samples were

144  aliquoted into 4 cryovials and stored at -80°C.

145 Children

146  Child participants were members of the Child Health Study (CHS), a large multidisciplinary

147  study designed to provide prospective, longitudinal data on the health and development of

148  children with and without a history of maltreatment investigations [for more details about the
149  CHS see 46]. Children were recruited using the PA statewide Child Welfare Information System

150 (CWIS) for having been investigated for substantiated maltreatment (i.e., defined according to
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151 PA state law, including sexual abuse, physical abuse and neglect) within the past year, and a
152  demographically matched group of control children screened via CWIS to ensure no history of
153  child welfare involvement. While the CHS study is recruiting 700 children, this investigation

154  included the first 120 children enrolled between the ages of 8 to 15 years (Table 1).

155 Table 1. Demographic summary of participants, split by child and adult cohorts.

Child (n=120) Adult (n=77)
Mean (SD) / Min-Max / N (%)

Age (years) 11.95 (1.50) 42.45(15.70)
Age Range (years) 8.6-15.08 18.28-70.01
Sex
Female 246 (51.5%) 168 (54.5%)
Male 232 (48.5%) 140 (45.5%)
Race
White 334 (69.9%) 264 (86.8%)
Black 52 (10.9%) 8 (2.6%)
Other 92 (19.2%) 32 (10.5%)

156

157  Non-maltreating caregivers accompanied children to PSU’s University Park campus. After

158  obtaining informed consent (caregiver) and assent (child), tissue samples and

159  health/demographic data were collected from child participants. Four tissue cells were collected,
160 namely buffy coat, DBS, saliva, and buccal cells. Specifically, 20 mL of whole blood was

161 collected in EDTA tubes via antecubital venipuncture by a trained phlebotomist. Buffy coat was
162  isolated using centrifugation to separate plasma followed by treatment with 0.5x red blood cell
163 lysis buffer (Invitrogen). Using identical procedures to those described in adults, approx. 200 pL
164  of whole blood was used to collect a DBS sample on a Whatman 903 protein saver card, and 2
165 mL of saliva (Oragene OGR-500, DNA Genotek) and 2 buccal cheek swabs (Isohelix SK1) were
166  also taken per individual. Tissue samples were stored in the same conditions as adult samples,
167  and buffy coat was stored at -80°C in a solution buffer composed of phosphate buffered saline

168 pH 7.2+EDTA (2mMol) + bovine serum albumin (0.5%).
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169 Demographic measures

170  Chronological age, sex, and race were included as covariates because they are commonly
171  associated with TL [2, 47-49]. Biological sex was determined via self-report. Race was coded as
172  ‘White,” ‘Black/African American,” or ‘Other (American Indian, Alaskan Native, Multiracial, or

173  Other) based on reports provided by adult participants and child caregivers.

174 DNA extraction and quality analyses

175  To minimize the impact of DNA extraction procedures, DNA was extracted from all tissues using
176  the Gentra Puregene DNA Extraction Kit according to factory guidelines (Qiagen). This kit has
177 been used to extract DNA from whole blood, PBMCs, saliva, buccal cells, and DBS [50].

178  Extracted DNA was stored at -80°C in Qiagen DNA Hydration Solution.

179  Prior to assay for TL, DNA was assessed for integrity, purity, and quantity. DNA integrity and
180  purity were quantified using indicators of DNA degradation from the TapeStation 2200

181  Bioanalyzer (Agilent) and absorbance ratios from the NanoDrop 2000 spectrophotometer

182  (Thermo Fisher Scientific). DNA concentration was quantified in 3 ways: (a) the NanoDrop

183  spectrophotometer was used to quantify total nucleic acids, (b) the Agilent TapeStation and (c)
184  Quant-iT PicoGreen (Invitrogen) to determine double-stranded DNA concentrations. DNA

185  concentrations as determined by Quant-iT Picogreen were used to standardize the number of

186 telomeres being assessed in each sample. Quality DNA metrics are summarized in Table 2.

187
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Table 2. Summary of DNA integrity, purity, and quantity metrics.

Metric Source Interpretation

DNA Integrity Number TapeStation Increased DNA degradation as values decrease
from 10.0

% Unfragmented DNA TapeStation  %DNA with length greater than 3,000 bp
% Highly Fragmented DNA TapeStation %DNA with length between 250 bp — 3,000 bp
% Severely Fragmented DNA TapeStation  %DNA with length less than 250 bp

. Nanodrop Increased organic contamination as values
AR Spectrometer deviate (+) from 2.00

. Nanodrop Increased protein contamination as values
A260/280 ratio Spectrometer deviate (£) from 1.80
NanoDrop DNA Concentration Nanodrop Concentration of total nucleic acids in ng/pL

Spectrometer
PicoGreen DNA Concentration I:E_Quant-lT Concentration of double-stranded DNA in ng/uL
icogreen

TapeStation DNA Concentration  TapeStation Concentration of double-stranded DNA in ng/uL

Assessment of telomere length via qPCR and aTL calculation

TL measurements were generated using the quantitative polymerase chain reaction (QPCR) on

DNA extracted from PBMCs, buffy coat, DBS, buccal cells, and saliva. TL in an absolute unit of

kilobase pairs (aTL) was measured following a qPCR method originally developed by

O’Callaghan and Fenech [51] and adapted by the Shalev Lab [52] using a Rotor-Gene Q

thermocycler connected to an uninterruptible power source (CyberPower), which has been

shown to decrease variability in TL measured via gPCR [53]. Each qPCR assay consisted of

two runs, one quantifying telomere content (T), and a second run quantifying genome copy

number (S) using the single copy gene IFNB1. The two runs (T & S) were always performed on

the same day using the same DNA dilution, which was stored at 4°C between runs (~2.5 hours).

Estimates of kb telomeric DNA and genome copy number were calculated based on the

alignment of each sample with a standard curve. Estimates for the no template control were
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202  subtracted from estimates of the analytical samples prior to calculating aTL values. The average
203 kb telomeric DNA estimates and genome copy number estimates across triplicate
204 measurements were used to calculate aTL values: aTL = (Estimated kb Telomeric DNA) /

205 (Estimated Genome Copy Numberx92).

206  To control for inter-assay variability, 5 control samples were assessed on each T run and each
207  Srun. The average inter-assay CV for control sample aTL estimates was 8.95%. A pseudo-

208 random selection of 88 samples balanced across tissues (except buccal) was reassessed for
209 explicit purposes of calculating the interclass correlation coefficient (ICC), an indicator of

210  measurement reliability. The ICC across 44 samples rerun for reproducibility was 0.772 (0.728
211 when a ‘Tissue’ factor was included). The ICC for 44 re-extracted samples was 0.826, which
212  decreased to 0.784 when a ‘Tissue’ factor was added to the model. Full details on gPCR assays
213  for aTL, including reaction mix composition and sequences for primers and standards, are

214  summarized in 81 Table in accordance with guidelines recommended by the Telomere

215  Research Network [54].

216

217 Statistical analyses

218  Statistical analyses were performed using R Studio V2022.07.2 (R 4.1.1). We assessed all
219  continuous variables for skewness and kurtosis. aTL was approximately normal alongside DIN,
220 % unfragmented, % highly fragmented, % severely fragmented, and A260/230 (|skew| < 1;

221 |kurtosis| < 3). However, A260/280 and all three extracted DNA concentrations violated

222  assumptions of normality. Outlier values for each continuous variable were winsorized, where
223  outliers were defined as values outside the range of (Q1-1.51QR) to (Q3+1.5IQR) across the
224  sample stratified by cohort and tissue, where Q1 and Q3 are lower and upper quartiles

225  respectively, and IQR is the interquartile ratio. Outlier values were winsorized to the boundary

10


https://doi.org/10.1101/2023.08.19.553973
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.08.19.553973; this version posted August 21, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

226  values of this range. Winsorizing data points based on the IQR is more appropriate for variables
227  with skewed distributions, in comparison to winsorizing based on standard deviations away from
228 the mean. 295/5891 (5.0%) data points were winsorized across the study (S2 Table, see S1 Fig
229  for variable distributions before and after winsorization). Results using raw and winsorized data

230  were not statistically different.

231  To assess biological variation in aTL, we performed a linear mixed effect model [R package
232  nime; 55] predicting all aTL values with fixed effects of age, sex (female vs. male), tissue
233  (buccal, saliva, DBS, buffy coat, PBMC), race (white, black, other), and an age by tissue
234  interaction, with an additional random effect of individual ID. We included an age by tissue
235 interaction to assess whether tissues differ in chronological age-related changes in aTL [5].
236  Post-hoc analyses were performed using the emmeans package [56]. Using the correlation
237  package [57], we also assessed partial Spearman’s correlations of aTL among tissue types

238  within individuals, which accounted for variation in age and sex.

239  Similar to analysis of aTL values, we performed separate linear mixed effect models predicting
240 each quality DNA metric with fixed effects of age, sex, tissue, race, and an age by tissue

241  interaction, with a random effect of individual ID. We also assessed partial Spearman’s

242  correlations among metrics indicative of DNA integrity (DIN and % fragmentation indices), purity
243  (A260/280, A260/230), and quantity (extracted DNA concentration measured by NanoDrop,
244  PicoGreen, and TapeStation). Partial Spearman’s correlations accounted for age and sex of

245  participants.

246  We next explored whether DNA metrics of integrity, purity, and quantity predicted aTL, using a
247  two-prong approach. First, we performed partial Spearman’s correlations between aTL and
248  each DNA metric, accounting for age and sex. Second, we performed model comparisons to

249  ask whether certain DNA metrics improved model fits of tissue-specific aTL. We evaluated

11
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250  support for competing candidate models predicting aTL. For each tissue type, we used the

251  dredge function [58] to create model sets from the global model (below), in which all models for
252  agiven tissue included the same subset of data. Each model could include any combination of
253 age, sex, race, DIN, % unfragmented, highly fragmented, or severely fragmented DNA,

254  A260/280, A260/230, and each of three DNA concentrations, but variables with a correlation
255  above 0.40 were not allowed to coexist in a single candidate model. The number of terms

256  (excluding the intercept) in a single candidate model was limited to approximately 1 term per 10
257  observations. In addition, TapeStation metrics (DNA integrity and concentration) were not

258 included in candidate models for buffy coat to enhance statistical power because buffy coat was
259  only measured in the child cohort and only 23 children had TapeStation data. We used the

260  Akaike information criterion corrected for small sample sizes (AICc) for model comparisons [59]
261  and present AAIC (AIC—AIC,.st model) and AIC weights (weight of evidence for model) for the
262  top model set, which included models with AAIC < 2. Then, we performed conditional model

263 averaging of top model sets.

264 For each set of models, ANOVA tables are presented in the main text, and coefficient tables are
265 included in the supplemental material. Potential inflation in type | error of multiple statistical

266  testing was controlled separately for each part of analyses using the Benjamini-Hochberg

267 method. P values of statistical significance after controlling for false discovery rate (FDR) at

268 <0.01 were indicated using asterisks in each table or figure that involves statistical testing.

269

270 Results

271 Biological variation in aTL

12
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272  aTL significantly shortened with chronological age (F1 191 = 99.15, p<0.001), the magnitude of
273  which varied by tissue type (F4557=15.65, p<0.001, Fig 1A, Table 3A, S3 Table). In particular,
274  post hoc analyses showed significant age-related decreases from 8 to 70 years in aTL for

275  buccal, DBS, and PBMC (buccal: B =-0.12, 95% CI=[-0.15, -0.10]; DBS: B =-0.12, [-0.15, -
276  0.10]; PBMC: 3 =-0.12, [-0.16, -0.07]), but not for saliva (age 8 to 70 years) or buffy coat (age 8
277  to 15 years) (saliva: B =-0.02, [-0.05, 0.01]; buffy coat: 8 = -0.05, [-0.40, 0.31]). Tissues also
278  significantly differed in aTL values (F4557 = 131.89, p < 0.001, Fig 1B, S4 Table). After

279  adjustment for multiple comparisons, saliva and buccal aTL were significantly shorter than all
280 other tissue types except for children buffy coat aTL, which was not significantly different from
281 all other tissues. aTL values of all blood-based tissues (i.e., DBS, buffy coat, and PBMCs) were
282 not statistically different. aTL did not vary by sex (F4191=2.46, p=0.12, S2 Fig) or race (F; 191 =

283 1.54, p = 0.22) across all tissue types.

284

285 Fig 1. Biological variation in aTL with chronological age (A) and tissue type (B) for
286 individuals ranging from 8 to 70 years old. Note that buffy coat and PBMC are exclusive to

287  child and adult cohorts, respectively.

288
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Table 3. Linear mixed effects models predicting aTL and metrics of DNA integrity, purity,
and quantity with tissue type and sample demographics. P-values were adjusted for

multiple comparisons using the Benjamini-Hochberg method. Asterisks indicate significant p-

values after controlling false discovery rate (FDR) at < 0.01. Primary outcomes of interest were

analyzed in different models indicated by different panels A-J.
(A) aTL (F) A260/280
Predictors df F p Predictor df F p
(Intercept) 1,557 3965.51 <0.001* (Intercept) 1,577 340349.02 <0.001*
Age 1, 191 99.15 <0.001* Age 1,191 15.70 <0.001*
Sex 1, 191 2.46 0.119 Sex 1,191 2.04 0.155
Tissue 4, 557 131.89 <0.001* Tissue 4,577 86.36 <0.001*
Race 2,191 1.54 0.216 Race 2,191 0.87 0.419
Age x Tissue 4, 557 15.65 <0.001* Age x Tissue 4,577 20.24 <0.001*
(B) DNA Integrity Number (DIN) (G) A260/230
(Intercept) 1,280 29497.55 <0.001* (Intercept) 1, 577 4568.29 <0.001*
Age 1,94 22.33 <0.001* Age 1,191 46.77 <0.001*
Sex 1,94 0.91 0.343 Sex 1,191 1.49 0.224
Tissue 4, 280 212.95 <0.001* Tissue 4,577 45.03 <0.001*
Race 2,94 3.95 0.023 Race 2,191 0.35 0.707
Age x Tissue 4, 280 1.32 0.264 Age x Tissue 4,577 3.17 0.014
(C) %Unfragmented DNA (> 3000 bp) (H) Nanodrop Concentration (ng/uL)
(Intercept) 1,288 15664.94 <0.001* (Intercept) 1, 577 740.35 <0.001*
Age 1,94 14.20 <0.001* Age 1,191 0.65 0.421
Sex 1,94 1.42 0.237 Sex 1,191 0.06 0.801
Tissue 4,288 173.18 <0.001* Tissue 4,577 113.41 <0.001*
Race 2,94 2.12 0.125 Race 2,191 0.55 0.578
Age x Tissue 4, 288 2.86 0.024 Age x Tissue 4,577 3.22 0.013
(D) %Highly Fragmented DNA (250-3000 bp) (I) PicoGreen Concentration (ng/uL)
(Intercept) 1, 288 997.72 <0.001* (Intercept) 1, 577 684.23 <0.001*
Age 1,94 5.59 0.02 Age 1, 191 0.00 0.996
Sex 1,94 1.33 0.252 Sex 1, 191 0.16 0.694
Tissue 4,288 133.65 <0.001* Tissue 4, 577 188.55 <0.001*
Race 2,94 1.46 0.238 Race 2,191 0.19 0.825
Age x Tissue 4, 288 465 0.001* Age x Tissue 4,577 1.40 0.231
(E) %Severely Fragmented DNA (< 250 bp) (J) TapeStation Concentration (ng/uL)
(Intercept) 1, 288 817.11 <0.001* (Intercept) 1, 288 322.02 <0.001*
Age 1,94 2.52 0.116 Age 1,94 1.25 0.267
Sex 1,94 0.63 0.43 Sex 1,94 2.15 0.146
Tissue 4, 288 79.57 <0.001* Tissue 4, 288 105.48 <0.001*
Race 2,94 1.27 0.286 Race 2,94 0.39 0.678
Age x Tissue 4, 288 426 0.002* Age x Tissue 4,288 2.86 0.024
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296  aTL values were significantly correlated between all tissue pairs except PBMC-buccal (p = 0.21)
297 and PBMC-saliva (p = 0.18), as well as correlations between buffy coat and saliva (p = 0.22, Fig
298  2). Partial Spearman’s p values for all the pairs ranged from 0.18 (PBMC-saliva) to 0.51 (PBMC-
299 DBS). Several of the stronger correlations occurred between related tissues, e.g., DBS-buffy
300 coat and DBS-PBMC in the child and adult cohorts, respectively. Excepting buccal-saliva

301  correlations, which were significant in adults (p = 0.41), but not children (p = 0.26), tissue pair

302 correlations did not significantly differ if separated by cohort (see S3 Fig).
303

304  Fig 2. Partial Spearman’s correlations of aTL among tissue types, which account for age
305 and sex. Ellipse shape and color denotes the strength and direction of correlations. Asterisks
306 indicate significant p-values after adjusting for multiple comparisons using the Benjamini-

307  Hochberg method and controlling false discovery rate (FDR) at < 0.01.

308

309 Biological variation in DNA metrics of integrity, purity, and

310 quantity

311 All results describing variation in DNA metrics can be found in Fig 3, Tables 3-4, and S$4-S5
312  Tables. DIN values significantly varied by tissue type (F4250 = 212.95, p < 0.001, Fig 3A-D) and
313  are mirrored by patterns of % DNA fragmentation (unfragmented: F4 35 = 173.18, p < 0.001,
314  highly fragmented: F4 g5 = 133.65, p < 0.001; severely fragmented: F, 235 = 79.57, p < 0.001).
315  Notably, buccal DIN values were lowest among all tissues (DINpean = 5.6). Interestingly, DIN and
316 % unfragmented DNA appear higher in samples from older participants (DIN: F ¢4 = 22.33, p <
317  0.001; unfragmented: F4 94 = 14.20, p < 0.001). A260/280 values also varied by tissue type

318  (F4577 = 86.36, p < 0.001, Fig 3E), where DBS had significantly lower A260/280 values than all
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319  other tissue types. A260/280 values were lower in older participants (F; 191 = 15.70, p < 0.001),
320 although this varied by tissue (F4 577 = 20.24, p < 0.0001). A260/230 values also significantly
321  differed by tissue type (F4577 = 48.163, p < 0.001, Fig 3F); PBMCs had significantly higher

322  A260/230 than all other tissues except for buffy coat. A260/230 values were significantly lower
323  in older participants (F1 191 = 46.77, p < 0.001). All DNA concentration types significantly varied
324 among the majority of tissue pairs (NanoDrop: F4577 = 113.41, p < 0.001; PicoGreen: F, 577 =
325 188.55, p < 0.001; TapeStation: F4 577 = 105.48, p < 0.001; Fig 3H-J), with DBS/saliva and buffy
326  coat/PBMC exhibiting the lowest and highest concentrations, respectively. DNA metrics did not

327  vary by sex or race.

328

329 Fig 3. Variation in metrics of DNA integrity (A-D), purity (E-F), and quantity (G-l) across

330 tissue types.
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331

332

333

Values are presented as tissue/cohort averages with standard error in parentheses.

Table 4. Tissue-level averages of aTL and metrics of DNA integrity, purity, and quantity, split by child and adult cohorts.

Buccal Saliva DBS Buffy Coat PBMC
Variable Child Adult Child Adult Child Adult Child Adult
aTL (kb) 12.39 7.45 7.10 6.05 14.38 9.75 13.08 10.27
(3.25) (1.99) (4.86)  (2.90) (2.86) (3.06) (3.19) (2.96)
DIN 5.31 5.89 7.43 8.08 7.41 8.33 8.47 9.02
(1.31) (0.71) (1.16)  (0.87) (0.59) (0.74) (0.71) (0.59)
% Unfragmented DNA 50.25 55.73 64.5 72.83 75.22 79.61 91.58 91.41
(> 3000 bp) (12.68)  (11.98) (15.57)  (13.99) (7.87) (9.87) (4.16) (3.47)
% Highly Fragmented DNA 27.44 22.59 20.26 15.48 11.56 12.71 1.67 1.10
(250 — 3000 bp) (9.05) (8.96) (11.19)  (9.61) (4.23) (6.91) (1.48) (0.99)
% Severely Fragmented DNA 8.01 6.36 7.64 6.32 4.61 5.62 0.67 0.43
(<250 bp) (3.38) (3.13) (4.54) (4.12) (1.68) (2.98) (0.82) (0.38)
1.87 1.80 1.84 1.90 1.77 1.65 1.84 1.87
A260/A280 (0.08)  (0.06) (0.09)  (0.10) (007)  (0.18) (0.02) (0.02)
1.05 0.75 1.13 0.84 1.19 0.76 1.36 1.35
A260/A230 028)  (0.21) (0.45)  (0.29) (033)  (0.41) (0.43) (0.48)
Nanodrop Concentration 164.67 178.38 64.11 107.58 28.88 29.49 381.64 297.27
(ng/plL) (147.06) (99.04) (51.35) (67.23) (10.21) (16.25) (335.82) (198.29)
PicoGreen Concentration 47.61 54.44 5.15 11.28 10.04 9.98 149.97 141.24
(ng/ulL) (39.15) (29.23) (4.75)  (9.14) (4.46) (5.64) (120.79) (85.26)
TapeStation Concentration 48.84 50.98 9.76 12.65 11.91 10.27 188.96 156.22
(ng/ulL) (27.84) (28.79) (5.77)  (9.24) (3.78) (5.14) (173.32) (100.64)
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334  Many metrics of DNA integrity, purity, and quantity were moderately to strongly correlated. Full
335 results are shown in Fig 4, S4 Fig, and S5 Table, but we highlight key patterns here. First, DIN
336  values were strongly correlated with DNA fragmentation indices for all tissue types, with the
337  exception of buffy coat, for which we had limited power. Absolute p values ranged from 0.19 to
338 0.95, where high DIN values were characterized by a higher proportion of unfragmented DNA.
339 In addition, all extracted DNA concentrations were significantly positively correlated for all

340 tissues except buffy coat (0.37 < p < 0.94; pmean = 0.70). Interestingly, higher extracted DNA
341  concentrations were linked to higher DIN values, particularly for DNA concentrations measured
342  via TapeStation. For NanoDrop and PicoGreen concentrations, correlations are strongest for
343  saliva and DBS (0.16 < p < 0.81; pmean = 0.60). Concentration of extracted DNA was also

344  positively associated with A260/230 in all tissues except DBS; however, A260/280 exhibited
345 inconsistent associations with DNA quantity, with absolute values of p ranging from 0.03 to 0.56.

346  DIN metrics were inconsistently related to A260/280 and A260/230.
347

348 Fig 4. Partial Spearman’s correlations among DNA metrics for each tissue type, after
349 accounting for age and sex of participants. Spearman’s p values range from -1 to 1 on the y-
350 axis. Asterisks indicate significant p-values after adjusting for multiple comparisons using the

351  Benjamini-Hochberg method and controlling false discovery rate (FDR) at < 0.01.
352
353 Covariation between aTL and metrics of DNA integrity, purity,

354 and quantity

355  Partial Spearman’s correlations showed that aTL is significantly correlated with DNA integrity
356  values in some tissues (Fig 5, S5 Fig, S6 Table). While aTL is overall weakly and inconsistently
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correlated with DIN and DIN-related metrics, higher DIN or low % fragmentation is significantly
associated with longer aTL in saliva and PBMCs. In addition, aTL is significantly and positively
correlated with all three DNA concentrations across most tissues, ranging from 0.02 < p < 0.62,
particularly so in saliva, buccal, and buffy coat. Correlations between aTL and A260/280 were
overall weak, and A260/230 was only significantly associated with aTL in buccal and buffy coat.
Overall, longer aTL is associated with lower % DNA fragmentation, higher extracted DNA
concentrations, and higher A260/230. We also note that correlations between DNA metrics and

aTL appear particularly strong for saliva.

Fig 5. Partial Spearman’s correlations between aTL and metrics of DNA integrity, purity,
and quantity, adjusted for age and sex and split by tissue type. Spearman’s p values range
from -1 to 1 on the y-axis. Asterisks indicate significant p-values after adjusting for multiple
comparisons using the Benjamini-Hochberg method and controlling false discovery rate (FDR)

at<0.01.

Results for model comparisons can be found in Table 5 and S7 Table. Among candidate
models predicting aTL in buccal, the top-ranked model set included DIN, % highly fragmented
DNA, and A260/230 as significant predictors of aTL. TapeStation/PicoGreen DNA
concentrations were also included in the top-ranked model set but did not significantly predict
buccal aTL. The top-ranked model set in saliva only included % severely degraded DNA and
A260/280, for which only the former had high variable importance and significantly predicted
aTL. The top-ranked model set in DBS included DIN, A260/280, A260/230, and TapeStation
DNA concentration, and all variables but DIN significantly predicted aTL after conditional

averaging. The top-ranked model set predicting buffy coat aTL only included NanoDrop DNA
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concentration as a significant predictor (TapeStation metrics were not included in models for
buffy coat). The top-ranked model set in PBMC included DIN, % unfragmented and severely
fragmented DNA, A260/280, and TapeStation and NanoDrop concentrations, but only DIN and
TapeStation concentration predicted PBMC aTL. Across all tissues, AAIC values for null
intercept-only models were = 17.00 and for null age-only models, were = 7.85 (Table S7),
suggesting that inclusion of DNA metrics significantly improved model fits of aTL beyond that of
chronological age alone. However, there were no consistent variables across tissues in the top

model sets.
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390

391 among DNA metrics in improving model fit of aTL values, split by tissue type. For each DNA metric in the top model set, we

Table 5. Conditional model-averaged coefficients for the top models sets (AAIC = 2) investigating the relative importance

392  also provide variable importance (VIMP), or the sum of model weights across all top models that contain each DNA metric,

393 standardized by the sum of model weights of the top model set. A VIMP value equal to 1 means that variable was present in all

394  models in the top model set. For race, B/O refer to estimates of aTL for Blacks and Other relative to Whites.

Buccal Saliva DBS Buffy Coat PBMC
B (SE) VIMP B (SE) VIMP B (SE) VIMP B (SE) VIMP B (SE) VIMP
Age -0.05 (0.01)* 1.00 -0.05 (0.02)* 1.00 -0.08 (0.02)* 1.00 -0.09 (0.18) 0.18 -0.08 (0.20)* 1.00
Sex -0.49 (0.40) 035  -0.49(0.60) 0.19 -0.61 (0.55) 0.25 -1.42 (0.61) 1.00
Race B 1.81 (1.01) 0.21 3.86 (1.69) 0.78 3.17 (1.45) 0.55
0 0.13 (0.62) -0.14 (0.99) -0.45 (0.88)

DIN -1.16 (.23)* 0.44 -0.54 (0.39)  0.53 1.39 (0.54) 0.67
%Unfragmented 0.12 (0.10) 0.15
(> 3000 bp)
%Highly Fragmented 0.12 (0.02)* 0.56
(250-3000 bp)
%Severely -0.63 (0.09)*  1.00 -0.74 (0.89) 0.15
Fragmented
(<250 bp)
A260/280 2.99(3.62) 0.19 6.51(1.98)  0.12 20.83(15.39) 0.44
A260/230 6.17 (0.92)* 1.00 2.60 (0.75)* 0.88
TapeStation 0.01 (0.01) 0.37 0.26 (0.07)* 1.00 0.003 (0.003) 0.15
PicoGreen 0.008 (0.01) 0.06
Nanodrop 0.004 (0.001)* 1.00  0.005 (0.002)* 0.32

*p <0.01 after FDR
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396 Discussion

397  We assessed tissue variation in aTL in a cross-sectional dataset of 8- to 70-year-old individuals.
398 To our knowledge, this is one of a few studies to compare TL between a selection of invasively
399 and non-invasively sampled tissues in a cohort that includes both children and adults. aTL

400 significantly shortened with chronological age for all tissues except saliva and buffy coat, the
401 latter of which had a restricted age range (i.e., 8 to 15 years). aTL varied by tissue, particularly
402 between blood and non-blood tissues. Despite this variation, aTL was correlated across most
403 tissue pairs. We also observed variation in metrics of DNA integrity, purity, and quantity and
404  explored whether controlling for such variation improved predictions of aTL. Many metrics were
405 correlated: higher extracted DNA concentration was associated with higher DIN and more

406  acceptable A260/230 values. DNA metrics varied by tissue, and blood-based tissues (especially
407  PBMC and buffy coat) had higher integrity and quantity DNA. Cross-tissue variation in DNA
408 qualities may help drive variation in aTL, and we provided evidence that longer aTL is linked to
409  higher DIN, DNA concentrations, and to some extent, A260/230 values. Model comparisons
410  suggest that incorporation of DNA metrics significantly improves predictions of aTL, although
411  important metrics vary by tissue. These results highlight potential considerations for tissue

412  selection in future population-based studies of TL and the value of incorporating quality DNA

413  metrics as control variables to improve TL prediction.

414  Tissues significantly differed in aTL values and age-related changes in aTL. In particular, non-
415 invasively sampled tissues (buccal cells and saliva) had shorter aTL than blood-based tissues
416  [similar to 35]. This does contrast with other work in which saliva TL is longer than blood [60,
417  61]; however, methodological differences may drive this discrepancy. Tissue type often maps
418  onto variation in TL [34-37] and is likely due to tissue-specific cell composition and turnover

419 rates, stem ‘cellness’, and TL maintenance [28, 30, 33]. Similar TL regulation among related
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420 tissues may explain why aTL of blood-based tissues were similar, and such physiology may

421 also influence rates of TL attrition. Here, all tissues except saliva and buffy coat shortened with
422  age: aTL of buccal, DBS, and PBMC decreased by ~120 bp/year, but only by 18 and 48 bp/year
423  for saliva and buffy coat, respectively. 120 bp/year is higher than previous estimates, i.e., well
424  below 100 bp/year for most tissues [34, 62]. Null associations between age and aTL buffy coat

425  could be explained by a narrow age range within the child cohort (8-15 years).

426  While aTL decreased with chronological age for most tissue types, it was not significantly linked
427  with other external validity metrics, including sex and race. Previous work often reveals longer
428 TL in females than males [48, 63], although this pattern varies across vertebrates [47]. Here,
429  sex differences may be masked by the relatively larger variation in aTL among tissue types. In
430 addition, TL is often found to be longer in individuals self-identifying as non-Hispanic Black

431  relative to non-Hispanic White [2, 49, but see 64], an effect that we cannot fully test due to the

432 limited racial/ethnic diversity of participants in this study.

433  Complementing the rapidly-growing number of TL studies in epidemiology is additional research
434  on the consequences of variation in TL methodology on measurement validity and research
435 outcomes [24-26], including sample collection, storage, extraction, and TL measurement assay.
436  Yet, whether and how sample-specific metrics of DNA quality influence TL is unexplored. DNA
437  degradation and amount are used to predict genotyping success [65] and has become

438 particularly relevant for degraded forensic samples [66]. Similarly, poorer-quality DNA may

439 interfere with telomere assay precision and/or yield inaccurately short TL values. Here,

440  assessing variation in quality DNA metrics has revealed several patterns.

441 First, tissues differed in DNA integrity, purity, and quantity. Results show that blood-based
442  tissues (buffy coat and PBMCs) had higher quality DNA, namely higher and less variable DNA

443  integrity, less variable A260/280, more acceptable A260/230, and higher extracted DNA
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444  concentrations. On the other hand, buccal cells and DBS had the lowest DIN and A260/280

445  values, respectively. Few other studies have compared DNA metrics by tissue, but Lucena-

446  Aguilar [41] showed that DNA purity and integrity were lower in formalin-fixed paraffin-

447  embedded tissues compared to frozen tissues and saliva. In addition, Hansen et al. [40] showed
448 that DNA quality was highest in blood, and surprisingly saliva, when compared to DNA from

449  buccal cells. Interestingly, DIN was higher and A260/280 was lower in older individuals,

450  although the former could be an artifact driven by high PBMC (adult-only tissue) DIN. Age

451  differences may also stem from age-related changes in cell composition or amount and ease of

452  tissue collection [67].

453  Second, many metrics of DNA integrity, purity, and quantity were significantly correlated. As
454  expected, high DIN values were associated with increased percentages of unfragmented DNA,
455  and DNA concentration was correlated across all three quantification methods (i.e., NanoDrop,
456  PicoGreen, and TapeStation). Interestingly, high extracted DNA concentrations for the majority
457  of tissue types were associated with high DNA integrity and A260/230, the latter of which has
458  been shown in human saliva [41]. This may be expected if we assume that samples with high
459  extracted DNA concentrations come from tissues with higher cellular density, as exemplified by
460 the higher DNA concentrations of buffy coat and PBMCs vs non-blood tissues, and relative to
461 DBS cards, which were collected from whole blood and thereby included a large proportion of
462  non-nucleated red blood cells. In this case, samples with increased cellular density (and higher
463 DNA concentration) may degrade less during storage and extraction and be less susceptible to
464  organic or protein contamination. Given that DNA integrity may influence telomere assays, it
465 may therefore be important to minimize variation in and correlations among DNA metrics by
466  standardizing sample inputs during extraction by volume and cell counts.

467
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Next, we assessed whether variation in quality metrics of DNA improved models of aTL.
Interestingly, longer aTL was associated with lower % DNA fragmentation, higher DNA
concentrations, and more acceptable (or closer to 2.0) A260/230. That the extracted DNA
concentration predicts aTL despite a standardized amount of DNA being put into TL reactions
suggests that controlling for or reducing variation in extracted DNA concentration could be vital
to decreasing noise in aTL outputs. Interestingly, saliva aTL appears consistently and strongly
associated with DNA metrics (i.e., DIN, A260/230, DNA concentration), and so incorporating
these metrics may be vital in certain tissue types. In fact, model comparisons show that
incorporation of DNA metrics into aTL models significantly improved model fit, as age-only null
models had much greater AAIC values than models with age and DNA metrics. However,
across tissues, there were no quality metrics of DNA that appeared more often in top-ranked
sets, i.e., most DNA metrics appeared in 2-3 tissues’ top-ranked model sets. Tissues exhibiting
a low-quality ‘tail’ for a specific DNA metric were more likely to have that DNA metric appear as
predictive of aTL for that tissue. For example, buccal and DBS have low-DIN and low-A260/280
‘tails’, respectively, and here, their aTLs are significantly related to those metrics. Future studies

should continue to assess the importance of quality metrics of DNA to improve models of TL.

We acknowledge certain limitations of this study. First, tissue types collected from the child and
adult cohorts were unbalanced. The child cohort did not have PBMCs isolated from whole
blood, while the adult cohort did not have buffy coat. This restricted the age range of the dataset
when evaluating cross-tissue and cross-age variations of aTL and DNA metrics, which may
explain the non-significant shortening of TL with age observed in buffy coat. Second,
TapeStation metrics were not measured for all child samples, which limited the power to
examine their associations with age and aTL, especially in buffy coat, a child-only tissue.

Additionally, we did not control for several factors that may induce variation in aTL, including
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492  blood cell proportions for blood-based tissues [68] and factors like exposures and lifestyles that

493  are linked to TL dynamics in previous work [69, 70].

494  How might this information inform future population-based studies of TL? As shown in limited
495  previous work [41], blood-based samples exhibited the highest quality DNA and therefore, may
496  be preferred for reliable measurement of TL. Buffy coat and PBMCs exhibited high DNA

497 integrity and more acceptable A260/280 and A260/230 values compared to less invasive tissues
498 like buccal and saliva, which appear to exhibit more variable and lower quality DNA metrics.

499 DBS, as a minimally invasive tissue, had similar aTL values to PBMC and buffy coat, and can
500 be an alternative to blood-based samples, especially in pediatric populations. Saliva in particular
501  had lower DNA integrity and aTL values that were strongly influenced by metrics of DNA quality
502 and did not significantly decrease with age despite being measured in both the child and adult
503 cohorts. That previous work supports saliva as an acceptable alternative to blood [40, 41]

504  conflicts with our results and suggests the need for additional tissue comparisons of DNA quality
505 metrics. However, not all new or ongoing studies can rely on blood-based tissues. In this case,
506  our results show that quantifying sample-specific metrics of DNA quality for use in model

507  predictions of TL can improve model fits of the data, thereby strengthening the signal of

508 exogeneous predictors of TL and the utility of TL as a proxy for health-related outcomes.

509 Alternative to controlling for variation in DNA metrics, standardizing DNA extractions to yield

510 consistent concentrations could also minimize methodological impacts on TL measures. We

511  encourage further study of variation in quality metrics of DNA across tissues and how it may
512 mediate variation in TL, which can help inform how to select tissues and/or control for

513 differences in DNA quality in future population-based telomere studies.

514

515
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712  and tissue. Outliers are defined as values outside the range of (Q1-1.5IQR) to (Q3+1.5IQR) for
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716  S3 Table. Summary of coefficient outputs for models predicting aTL and metrics of DNA

717  integrity, purity, and quantity with tissue type and sample demographics.

718  S4 Table. Contrasts between tissues for each dependent variable, including aTL and
719  metrics of DNA integrity, purity, and quality. Asterisks indicate significant p-values after
720  adjusting for multiple comparisons using the Benjamini-Hochberg method and controlling false

721 discovery rate (FDR) at < 0.01.

722 S5 Table. Partial Spearman’s p values for correlations between metrics of DNA integrity,

723  purity, and quantity, as shown in Fig 3 in the main text.

724  S6 Table. Partial Spearman’s p values for correlations between metrics of DNA integrity,

725  purity, and quantity and aTL.

726  S7 Table. Top model sets (AAICc < 2) for models predicting aTL with age, sex, race, and
727  metrics of DNA integrity, purity, and quantity, in which no predictors were correlated above p
728 =0.4. k = number of parameters in each candidate model, including the intercept; wi = Akaike

729  model weight. Intercept-only and age-only null models are highlighted in gray for each tissue.

730  S1 Fig. Histogram distributions of continuous variables of interest, before and after

731  winsorization (gray and blue distributions, respectively). A datapoint was winsorized if it fell
732 outside the range of (Q1-1.5IQR) to (Q3+1.5IQR) for its respective cohort-tissue distribution of
733  data points, where Q1 and Q3 are lower and upper quartiles respectively, and the IQR is the
734  interquartile ratio. Outlier values were winsorized to the boundary values of this range. 375/6673

735  (5.6%) datapoints were winsorized across the study.

736  S2 Fig. Biological variation in aTL with tissue type and sex for individuals ranging from 8

737  to 70 years old. Buffy coat and PBMC are exclusive to child and adult cohorts, respectively.
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S3 Fig. Partial Spearman’s correlations of aTL among tissue types, accounting for age
and sex and split by child and adult cohorts. Ellipse shape and color denotes the strength
and direction of correlations. Significant correlations (p < 0.05) are indicated by an asterisk.

Buffy coat and PBMC are exclusive to the child or adult cohort, respectively.

S4 Fig. Partial Spearman’s correlations among metrics of DNA integrity, purity, and
quantity, split by cohort and tissue type, after accounting for age and sex of participants.
Y-axis p values range from -1 to 1, and significant correlations (p < 0.05) are indicated by an

asterisk.

S5 Fig. Partial Spearman’s correlations between aTL and metrics of DNA integrity, purity,

and quantity, adjusted for age and sex and split by tissue and cohort.
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