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ABSTRACT

The advent of proteomics assays that provide accurate levels of thousands of proteins from relatively small sample volumes opens
possibilities for biomarker research in biobanks with valuable samples. In this study, we leverage the applicability of the Olink
proximity extension assay to profile serum samples of the Janus Serum Bank, which have been stored at —25°C for several decades.
We perform association analysis for the body mass index, sex, smoking status and storage time, and compare these associations
against protein associations of these traits in the UK Biobank. We identify significant and plausible associations of proteins levels
for the analysed phenotypes. Furthermore, these associations showed a high degree of correlation to the analyses performed on the
large-scale studies by the UK Biobank. The samples obtained in the UK Biobank were collected according to modern standards,
with short processing time for the blood samples, and storage at very low temperatures, whereas samples in the Janus Serum Bank
were collected over larger timespans, with storage in sub-optimal temperature and over prolonged periods of time as compared to
todays’ standards. This research shows that samples stored under sub-optimal conditions and over extreme periods of time (up to
50 years) yield reliable protein associations for common traits using a proximity extension assay. Therefore, archived biosamples
that were not stored in optimal conditions, including samples of the Janus Serum Bank, remain a highly valuable resource in
disease and risk biomarker research using modern and emerging proteomics assay methods.

was demonstrated in a large-scale comparison of the proximity
extension assay and aptamer-based detection of proteins using

1 | Introduction

The recent advent of large-scale quantitative protein assays that
combine DNA sequencing with protein detection has resulted in
an affordable and powerful method for identification of associ-
ations between proteins and disease conditions and other traits
[1, 2]. The resulting high-quality large-scale proteomic profiles
facilitate an agnostic approach to analysis of protein associations
to, for example, cancer, diabetes or lifestyle exposures. This

samples from the UK Biobank (UKB) [3], which showed high
degrees of overlap for protein-phenotype associations between
the platforms. Furthermore, the UKB plasma samples and the
proximity extension assay were successfully combined with
genotype analyses to identify protein quantitative trait loci to
investigate the role of these loci and proteins in health and disease
[4]. The storage conditions for modern biobanks, including the
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UKB, are optimised towards the preservation of biomolecules and
typically apply storage at —80°C or colder, which is considered
to effectively prevent degradation of biomolecules such as DNA,
RNA and proteins.

The Janus Serum Bank (JSB) contains prospectively collected
serum samples from 318,628 donors, collected between 1972
and 2004 in connection with health examination surveys in
Norway. Information on smoking, BMI, physical activity, mea-
sured cholesterol, glucose and triglycerides is available from
the participants [5]. Yearly, the JSB is linked to the Cancer
Registry of Norway, resulting in a complete overview of the cancer
incidences in the cohort. As of December 2023, almost 124,000
cancer cases have been registered among the donors. At the
time of the initial sample collection and storage, temperatures
below —25°C were not feasible for large-scale sample storage.
Whilst the standard of storage at —80°C became established in the
1980’s and 1990’s, the samples in the JSB have remained stored
in a temperature-controlled freezer at —25°C since collection.
This sub-optimal storage temperature may impact on the sample
quality for biomolecules in the serum samples. Quality assurance
studies performed on samples stored under the same conditions
as the JSB have shown that some analytes are sensitive to freeze-
thaw cycles and/or may be affected by increasing time in storage
[6, 7]. The long storage time and sub-optimal temperature may
have impacted the usability of the samples in the JSB in large-
scale proteomic studies. Therefore, we aim to investigate if the
JSB samples are of sufficient quality to produce high-quality
proteomic profiles using a proximity extension assay and perform
a comparison against the data of the large-scale UKB samples
stored in more optimal conditions and with shorter storage time,
which were assayed on the same platform.

2 | Materials and Methods
2.1 | Sample Collection

The JSB consists of over 700,000 serum samples collected from
318,628 donors between 1972 and 2004. For this study, we selected
348 deceased individuals who were never diagnosed with cancer
with a follow up of at least 10 years from serum sampling.
The donors selected from the available collection were balanced
for sex (50% males, 50% females), smoking status (50% current,
50% never or not currently smoking) and BMI (33% each from
the low, medium and high tertiles, where the tertiles are based
on the entire JSB [5]). The sample and data collection period
spans 32 years and has differences in the blood serum collection
procedure used. For the collection between 1972 and 1978 (Group
1), the samples were collected in 10 mL glass blood tubes con-
taining 10 mg of iodoacetate. The iodoacetate causes inhibition
of enzymes including glyceraldehyde-3-phosphatase, arresting
the glycolysis pathway, intended to stabilize the glucose sugar
levels. Between 1979 and 1986 (Group 2), the blood samples were
collected in 10 mL glass tubes without any additions, and between
1987 and 2004 (Group 3) the blood samples were collected in
glass collection tubes containing a gel clot to facilitate easier
separation of the serum fraction. During all collection periods,
samples were allowed to clot for 60 min before 10 min of 1300 g
centrifugation at room temperature. The serum was pipetted over
to a glass container with screwcap cork and stored at —25°C. The

serum samples are stored in a single temperature-controlled and
alarmed freezer room.

2.2 | Sample Preparation and Distribution Over
Assay Plates

For selected donors, the serum sample vials were drawn from
the freezer and thawed. After thorough mixing by repeated
aspiration, a 100 uL aliquot was transferred to a matrix tube
(Thermo Fisher Scientific, Product Code.10089692, Germany)
and shipped on dry-ice to the laboratory facility of deCODE
genetics, Reykjavik, Iceland. Samples were placed randomly over
the four 96-well assay plates with a balanced distribution of BMI
tertiles, collection group, sex and the donor smoking status. On
each of the four plates, eight random positions were used for the
internal assay controls. The distribution of serum samples and
control positions is visualised in Figure SIA-D for respectively
BMI, collection group, sex and smoking status. Four samples
originating from the collection Group 1 were assayed in duplicate,
with each duplicate pair being randomly placed on one of the four
plates.

2.3 | Proximity Extension Protein Assay

The proximity extension assay panel ‘Olink Explore’ (Olink—
Part of Thermo Fisher Scientific, Uppsala, Sweden) was used
according to the manufacturers protocol, resulting in data for
2939 targets (representing 2923 unique proteins). For an extensive
description of the procedure and quality assurance used in the
laboratory, see the publication by Eldjarn et al. [3]. Duplicated
samples were collapsed into one pseudo-sample by taking the
mean of the normalised protein expression (NPX) values for the
two measurements.

2.4 | Assay Data Quality Assurance—Principal
Component Analyses (PCA)

PCA were performed on the NPX values for the assay targets
with the 30% highest variance. One PCA was performed for all
samples, as well as three group-specific stratified PCAs for Group
1, Group 2 and Group 3. The first two principal components
were used to define outliers that deviated more than 5 standard
deviations from the mean for a single principal component
(Figure S2A for the overall PCA and Figure S2B-D for PCA
performed stratified Group 1 through Group 3). One sample
was identified as an outlier in the Group 1 specific principal
component 2 and this sample was excluded from all subsequent
analyses (Figure S2B).

2.5 | Statistics

To identify assay targets associated to the phenotypes investi-
gated, a linear model was fit in which the protein NPX value
was the outcome and the input variables age at blood draw
(quantitative in years), BMI (quantitative in kg/m?), sampling
group (categorical), sex (binary categorical), smoking status
(binary categorical) and days in storage (quantitative in years).
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TABLE 1 | Sample characteristics for 347 samples in the proteomics analysis of long-term stored serum. The statistics are provided for all samples

in the study and for the three sampling subsets of the total study: Group 1, Group 2 and Group 3.

All (N =347) Group 1 (N =115) Group 2 (N =116) Group 3 (N =116)
Female, N (%) 174 (50%) 58 (50%) 59 (51%) 57 (49%)
Age in years, mean (range) 40.2 (39-41) 40.1 (39-41) 40.3 (39-41) 40.3 (39-41)
BMI, mean (range) 25.6 (15.6-42.3) 25.5 (17.5-40.3) 25.5 (17.6-36.7) 25.6 (15.6-42.3)
Currently smoking, N (%) 176 (51%) 59 (51%) 59 (51%) 58 (50%)
Storage years, range 40 (32-51) 48 (45-51) 39 (37-42) 34 (32-36)

The effects sizes reported are the beta for quantitative variables
BMI and storages time, and the odds ratio between categories for
the binary phenotypes sex (female’ as reference category) and
smoking status ('not currently smoking’ as reference category).
For differences between the three collection groups, we only
report the p values for the associations. A specific analysis
was performed to identify the assay targets that were most
differentially expressed between Group 1 and the other collections
Group 2 and Group 3 combined. To obtain association statistics
for the storage time across the different collection Groups, we
performed a fixed effects meta-analysis of the effect size and p
value on the years in storage association statistics assessed within
the stratified collection Groups 1-3. To compare the proteins
with the highest abundance against the proteins with the lowest
abundance we divided the proteins into quintiles based on the
5%-trimmed mean NPX values. Where applicable, associations
are corrected for multiple testing according to Benjamini and
Hochberg with a false discovery rate (fdr) of 0.05.

Correlations between effect sizes for the collection groups were
investigated for assay targets that showed a significant association
(nominal p value < 0.05) in both collection group strata and
between the JSB overall and the UKB study. The Spearman
correlation coefficients are provided as the rho (p), nominal p
values for the respective correlations are provided.

All analyses were performed in R 4.3.2.

3 | Results
3.1 | Sample Characteristics

The characteristics of the samples that passed quality control
(347 out of 348 samples assayed, see materials and methods) are
provided in Table 1.

3.2 | Comparison of Collection Groups

In total, 2939 targets were analysed for 347 individual donors
after exclusion of one sample with outlier values (methods). The
principal component analysis for all samples combined (Figure
S2A) shows samples in the collection Group 1 cluster distinct
from Group 2 and Group 3, whilst the clusters for the latter
two groups overlapped. The five most significant differentially
expressed assay targets between Group 1 and the other collections
Group 2 and Group 3 considered together are provided in Table 2.

TABLE 2 | Statistics for the top five most differentially expressed
assay targets between Group 1 and Groups 2 and 3 based on the association
p value. The respective statistics for all assay targets are provided in Table
S1.

Rank Target* Coef** p value

1 GNPDA2 3.72 1.6 x 1077
2 QDPR 4.32 9.9 x107%
3 SHMT1 5.19 9.4 x 1077
4 TPK1 3.38 25%x107%
5 APOA2 2.46 2.5%x107%

*Target indicates the protein annotated to the Olink assay OID.
**Coef: Effect size in NPX-units between Group 1 and Groups 2 and 3.

3.3 | Assay Target Associations to BMI, Sex,
Smoking Status and Storage Time

Statistics for the phenotype associations to BMI, sex, smoking
status and storage time are provided in Table SI; for these
analyses, the model included the collection group and donor
age. For each phenotype, the five most strongly associated assay
targets are listed in Table 3. The largest number of significant
protein associations were observed for storage time with 1540
associated targets (fdr < 0.05; 52% of the total of 2939 targets
analysed). Sex had 949 associated targets (fdr < 0.05; 32% of
the total of 2939 targets analysed). Sex had the strongest protein
associations when considering the p values. Smoking had 672
associated targets (fdr < 0.05; 23 % of all analysed targets) and
BMI had 602 associated assay targets (fdr < 0.05; 20% of all
analysed targets). We did not observe differences in the fractions
of significant associations to storage time when comparing the
proteins in the lowest quintile and highest quintile (Table S2).

3.4 | Stratified Analyses for Groups 1,2 and 3

To investigate whether the associations observed in the analyses
with samples considered combined are also observed within
the three collection groups separately, analyses stratified by
collection groups were performed. With exception of storage
time, the results from these analyses show a high degree of
similarity for the associations’ effect sizes, whereas the level
of significance was predominantly more modest. Figure 1A-D
shows the effect sizes of the collection Group 1 and Group 2
compared against the collection Group 3 for respectively BMI
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TABLE 3 | Statistics for the top five most associated assay targets based on the p value (FDR-corrected) for the phenotypes BMI, sex, smoking status

and storage time. Statistics for phenotype associations for all assay targets are provided in Table S1.

BMI (kg/m?)

Sex (ref. 'Female’)

Smoking (ref. ’Not

smoking’) Storage (years)

Rank Target* Coef** pvalue Target* Coef** pvalue Target* Coef** pvalue Target* Coef*™* pvalue

FABP4 0.1 15x107%® SPINT3 6.67
PLAT 0.09 12x1072 EDDM3B 115
GPD1  0.09 4.9x107® ACRV1 1.95

v AW N =

LEP 023 6.9x107" INSL3 213 43x107%% ALPP 31
GHR 0.08 3.7x107® KLK3 271 61x107'% LAMP3 13
1.2x 107 SCGB3A2 1.7
51x107%  PIGR 0.9
1.5x107° EDIL3 0.8

1.2x107? PRAP1 -0.18 12x10™"
1.5x107% ITGA®6 018 17x10™"
1.7x10™"  YES1 0.26 24x1071
9.2x10™* BAG3 -0.22 33x107™"
1.2x1073* CGREF1 -0.13 4.1x10™"

Note: p values provided are FDR corrected.
Abbreviation: ref., reference category.
*Target indicates the protein annotated to the Olink assay OID.

**Coef: For BMI the coefficient per 1-point increase in BMI, for the binary categorical variables the mean NPX difference between the levels of the variable and for

storage time the coefficient per year increase in storage time.

C Smoking

Coefficient Group 1 or Group 2

Group 1

5.0 e Group?2

Coefficient Group 3

FIGURE 1 | Coefficient plots for (A) BMI, (B) sex, (C) smoking status and (D) storage time. The association coefficients for Group 1 (grey squares)
and Group 2 (black circles) on the y-axes are plotted against the association coefficient for Group 3 (the dark-grey line in the plot depicts a theoretically

perfect correlation).

(Figure 1A); sex (Figure 1B); smoking status (Figure 1C) and
storage time (Figure 1D). The Spearman correlation coefficients
(Table 4) for the coefficients for significant protein-phenotype
associations (nominal p value < 0.05) for BMI, sex and smoking
status were strong to very strong, whereas storage time was not
strongly correlated across the collection groups and showed an
opposite direction of effect between Groups 2 and 3 (Table 4).

3.5 | Comparisons Against UKB Data

For the significant associations to the phenotypes BMI, sex,
smoking status and storage time, we compared the association

coefficients against the coefficients reported in the UKB [3, 4]. As
illustrated in Figure 2A-D and listed in Table 5, we observe good
correlations of the coefficients from our study when compared
against the coefficients reported by the UKB for respectively
BMI, sex, smoking status and storage time. We also compared
the associations’ effect size for analyses stratified for Group 1
through Group 3 against the respective coefficients reported in
the UKB, provided in Figure S3A-L and Table S3. These show
the same trends for BMI, sex and smoking status, whereas storage
time is only positively correlated for the samples with the longest
storage time, a weak negative correlation for the samples with the
intermediate storage time and no correlation for samples with the
shortest storage time.
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TABLE 4 | Spearman correlation coefficients (rho) of the effect sizes
for BMI, sex, smoking status and storage time for analyses stratified
by collection Groups. The coefficients are calculated for all association
coefficients that are significant (nominal p value < 0.05) in both strata.

Group 1 vs. Group 2 vs.
Group 3 Group 3
Phenotype rho (p value, N rho (p value, N
proteins) proteins)
BMI 0.86 (< 0.001, 0.85 (< 0.001,
261) 282)
Sex 0.81 (< 0.001, 0.92 (< 0.001,
348) 258)
Smoking status 0.90 (< 0.001, 0.91 (< 0.001,
191) 396)
Storage 0.44 (< 0.001, —0.53 (< 0.001,
426) 78)
4 | Discussion

We present proteomic profiles obtained from 347 samples,
balanced for the phenotypes BMI (quantitative with equal repre-
sentation from the tertiles low/medium/high), sex (female/male)
and smoking (smoking/not smoking) and from three sample
collection periods in the JSB. At the time of the proteomics
assay the samples had been stored at —25°C between 32 and 51
years (mean storage time 40 years). Our study shows a limited
impact of storage over several decades and at sub-optimal freezing
temperatures for the phenotypes BMI, sex and smoking status.
The effect sizes for protein associations to BMI, sex and smoking

A BMI
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TABLE 5 | Spearman correlation coefficients (rho) between the
effect sizes of respectively BMI, sex, smoking status and storage time
for the JSB and the reference data based on samples of the UKB |3, 4].
Correlations were calculated for the coefficients of those assay targets
that were nominally significant (p value < 0.05) in the JSB analyses and
the UKB. The visual representation of the effect sizes of the phenotypes
investigated in current study and the UKB are provided in Figure 2.

Current study vs. UKB

Phenotype rho (p value, N proteins)
BMI 0.61 (< 0.001, 811)
Sex 0.68 (< 0.001, 1110)

0.75 (< 0.001, 829)
0.62 (< 0.001, 1292)

Smoking status

Storage

status were similar to those observed in the recent collection by
the UKB, in which the samples were stored for a shorter period
and at substantially lower freezing temperatures. We furthermore
observed good correlation between protein associations for the
storage time when comparing the data from the JSB to data from
the UKB, although this appears to be driven by a relatively strong
correlation between the storage time protein associations of the
samples in the JSB with the longest storage time (Group 1). The
storage time associations between the other two collection groups
showed a weak inverse correlation (Group 2) or no correlation
at all (Group 3). We cannot rule out that the differences in
correlations for storage time are related to collection procedures
or to biological or other technical features that differed between
the collection periods.

B Sex
*
5.0
25 o .2
wod ¢ °
00 — w"
* *
25 L
. p=0.68
0 2 4
D Storage

-0.1 0.0 0.1 0.2 0.3

Coefficient UK Biobank

FIGURE 2 | Comparison of the association coefficients of the phenotype associations reported in the large-scale UK biobank studies (x-axis) and
the current study samples (y-axis). Association coefficients are plotted for assay targets with association p values below 0.05 in the current study and
association p values below 0.05 in the UK biobank study, irrespective of the direction of effect. The Spearman rank correlation coefficients (rho) are
provided for the protein coefficients between the JSB and UKB. (A) BMI, (B) sex, (C) smoking status and (D) storage time.
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We investigated common, well-covered phenotypes in the JSB
which had similar data available in the UKB [3, 4] to validate
findings against a large-scale, high-quality reference dataset.
Furthermore, the associations observed for BMI, sex and smok-
ing status reflect credible biological processes involved in the
analysed phenotypes. The most strongly associated assay target
for BMI is annotated to leptin, a known fat-derived hormone,
followed by the assay targeting growth hormone receptor, a
protein involvement in stimulating lipolysis. The most strongly
associated assay target for sex targets Insulin-like 3, which is pri-
marily excreted by Leydig cells in the testes. The second strongest
associated assay target is annotated to kallikrein-related peptidase
3 is a protease synthesised by the prostate gland. For smoking,
the strongest assay target association was observed for the protein
target ALPP, a protein that is reported to be significantly elevated
in smokers [8]. The second most associated assay target for smok-
ing status is annotated to LAMP3, a membrane protein that plays
a role in the lysosome and which has been shown to associate
to smoking status previously [9]. Whilst the most proteins were
affected by storage time, these associations had the lowest levels
of significance. The directions of effect were both higher (49%
of significant associations) and lower (51% of significant associ-
ations) and irrespective of the protein abundance, indicating that
overall protein abundance does not impact the stability in storage.
For comparison, the directions of effect were predominantly
higher protein levels for increasing storage time in the UKB
(80% of significant associations). We note that between the JSB
and UKB there are considerable differences in storage conditions
(respectively at —25°C and —80°C) and storage time (respectively
32-51 years and 11-16 years), which may result in differing storage
time associations.

Between the collection groups, the most striking difference
was observed between collection Group 1 and the other two
collection groups. During the collection in Group 1, blood was
collected in collection tubes containing the additive iodoacetate.
This chemical reacts with thiol groups in enzymes, thereby
inactivating enzyme activity. This results in inhibition of enzymes
in the glycolysis pathway, thereby preserving the glucose levels
in the samples [10]. The protein targets that differed most
substantially between Group 1 and other two collections Group
2 and Group 3 most likely reflect the impact of the addition of
this chemical compound during the Group 1 collection. Given the
relatively short window of time between exposure to iodoacetate
and the extraction and freezing of the serum, changes in the
levels of these enzymes are unlikely and rather a reflection
of the irreversible molecular changes of enzymes induced by
the iodoacetate. Iodoacetate results in alkylation of the cysteine
residues at the enzymes active sites and as a result of this,
antigen recognition by the protein assay may be disturbed. We
cannot confirm this hypothesis in the current experiment, and
further investigation of this is needed to elucidate the cause
of the observed differences in enzyme protein values in this
assay. Furthermore, other potential causes of differences within
the collection procedures which were not recorded during the
collection of the samples such as variations in collection labs,
single-use glass and plastics or other technical changes may
underlie the observed differences.

Despite the clear difference for the samples subjected to the
iodoacetate treatment in the oldest collection group, we observe

similar phenotype associations to BMI, sex and smoking when
considering the strongest associations in the analyses stratified
for the three collection groups. The more modest levels of
significance for the stratified analyses are most likely attributable
to the loss of power when analysing smaller sample sets. Overall,
the stratified analyses indicates that the protein associations
observed are robust with respect to sample pre-treatment and
storage time. The storage time showed varying associations to
storage time between the collection groups, without a clear cause
for this observation.

We compared the effect sizes from our study to those that were
reported in large sample sizes from the UKB [3, 4]. For the
collection of the UKB, the collection procedure and storage are
optimised to todays’ standards, with highly standardised sample
collection procedures, prompt sample processing upon collection
and storage at —80°C. The collection and storage conditions as
well as the total number of samples in the UKB study, therefore,
warrants that this collection can be considered a good reference
for the associations of BMI, sex and smoking status. Whilst the
proteomics profiles of the UKB are obtained using plasma, our
study is based on serum samples. A recent study using an earlier
version of the Olink Explore panel shows that the protein con-
tents of plasma and serum are strongly correlated for this assay
[11]. The coefficients obtained from our samples show highly
significant correlations to the effect coefficients in these large-
scale UKB studies, indicating that suboptimal storage conditions
and storage up to 51 years at —25°C did not have a profound
negative impact on the usability of these samples for proteomics
assays with the proximity extension assay technology. With a
smaller sample size in our study and the potential differences
in the collection of the phenotypes in the current study and
the UKB differ, we were able to validate many of the reported
protein-phenotype associations, particularly for the strongest
effect sizes between proteins and phenotypes. Using proteomics
data obtained from samples in the UKB linked to cancer data,
prospective cancer biomarkers were identified by Papier et al. [12].
Our current study indicates that also older sample biobanks such
as the JSB are potentially valuable resources for cancer biomarker
research.

We conclude that serum samples stored at —25°C for over several
decades and collected using different sampling procedures yield
reliable phenotype associations for BMI, sex and smoking status
when using a protein proximity extension assay. The findings in
the samples of the JSB indicate that biological samples which
have experienced prolonged storage and/or storage at suboptimal
temperatures can be used with modern proteomic assays for
biomarker research.
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