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Abstract

:

In vitro culture is widely used for characterization of primary human acute myeloid leukemia (AML) cells, but even when using optimized handling and culture conditions the AML cells show spontaneous in vitro apoptosis with a gradual decrease in cell viability during culture. The extent of this stress-induced apoptosis varies between patients, and a high degree of apoptosis is associated with high pre-culture BCL2 levels together with low levels of BAX and Heat Shock Proteins 30 and 90. We compared the global proteomic profiles during ongoing in vitro apoptosis for patients with high and low AML cell viability (i.e., less extensive versus extensive spontaneous apoptosis) after 48 h of culture. We identified 7902 proteins, but only 276 proteins differed significantly between patients with high (i.e., >25% viable cells; 192 upregulated and 84 downregulated peptides) and low viability after in vitro culture. Protein interaction network analysis based on these 276 protein identified three protein networks that included 18 proteins; most of these proteins were localized to the endoplasmic reticulum and several of them are involved in or are altered during the process of endoplasmic reticulum stress/unfolded protein stress response. To conclude, primary AML cells are heterogeneous with regard to degree of apoptosis in response to cellular stress, and this difference in regulation of apoptosis is associated with differences in the induction of and/or response to the unfolded protein stress response.
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1. Introduction


Acute myeloid leukemia (AML) is an aggressive hematological malignancy characterized by bone marrow infiltration of immature leukemia cells [1,2]. The acute promyelocytic variant is regarded as a separate entity because of its specific genetic abnormalities, different treatment, and better prognosis than the other AML variants [3]; and in the present article, the term AML refers to the non-promyelocytic variants of the disease.



In vitro culture of AML cells has been widely used in experimental studies [4,5], and when using cryopreserved leukemic cells from biobanks it is then possible to investigate large numbers of patients in repeated experiments and to use the same highly standardized culture conditions for all patients [5]. Such experimental studies have been important for characterization of the hierarchically organized AML cell populations and for identification of new molecular targets. Both clonogenic assays and suspension cultures have then been used to characterize AML cell proliferation/survival, the leukemic cell communication with non-leukemic bone marrow stromal cells, and the effects of experimental interventions on the AML cells [4,5]. Suspension cultures including the whole population of enriched AML cells are most suitable for high-throughput experiments [6,7], e.g., characterization of cytokine effects/release or screening of new possible antileukemic agents for example by using 3H-thymidine incorporation assays [8,9,10,11,12].



AML is a very heterogeneous disease with regard to genetic abnormalities and risk of chemoresistant relapse [1]. The patients are also heterogeneous with regard to survival and proliferation of in vitro cultured AML cells; only a small subset of the hierarchical AML cell population is able to survive and still proliferate after cryopreservation, thawing, and finally in vitro incubation, and this is due to an increasing fraction of leukemic cells showing spontaneous or stress-induced in vitro apoptosis [8]. However, the fraction of viable cells after culture differs between patients, and this heterogeneity is seen even when using the most optimal culture media [9,10,11]. This variation in AML cell viability is caused by spontaneous apoptosis during the in vitro culture, i.e., a process of ongoing apoptotic cell death with a gradual decrease in the viability of the total hierarchically organized AML cell population after initiation of in vitro culture. For primary AML cells, this gradual decrease in viability is observed during the first 5–7 days of culture, and it is observed even for patients that have a minority of cells that survive and proliferate also after 7–14 days of culture. Thus, spontaneous apoptosis is a characteristic of the total AML cell population during the initial period of in vitro culture.



It will be important for our understanding and interpretation of results from experimental in vitro AML studies to characterize the molecular mechanisms behind this spontaneous and stress-induced in vitro apoptosis and how pro- and anti-apoptotic molecular mechanisms differ between patients and thereby contribute to patient heterogeneity. Furthermore, the spontaneous in vitro apoptosis may be due to a more general response to cellular stress (e.g., antileukemic therapy) that reflects important biological characteristics of and differences between patients. Even though AML relapse after intensive therapy seems to be derived from a minority of remaining AML stem cells [13], several biological characteristics of the total AML cell population are associated with the risk of relapse [14,15,16,17,18,19,20]. The in vitro stress response of the total AML cell population may therefore even have a clinical relevance with regard to chemosensitivity and prognosis. In this context we have compared the global proteomic profiles for AML cell populations, showing high versus low spontaneous stress-induced in vitro apoptosis during culture in standardized experimental conditions.




2. Materials and Methods


2.1. Cell Preparation


Primary human AML cells were derived from the peripheral blood of 41 consecutive patients (see Table 1 and Table S1) after written informed consent and in accordance with the Declaration of Helsinki. All patients were admitted to Haukeland University Hospital. The Regional Ethics Committee approved both the collection of biological material in the biobank (REK Vest 2015/1759) and the use of the cells in the present study (REF Vest 2017/305). All patients had a relatively high peripheral blood concentration and a high percentage of AML cells among circulating leukocytes (AML cell concentration > 15 × 109/L, >80% AML cells among circulating leukocytes), and highly enriched AML cell population (>95%) could therefore be prepared by density gradient separation alone (Lymphoprep; Axis-Shield, Oslo, Norway). The cells were stored cryopreserved in liquid nitrogen until used.




2.2. Cell Culture and Proteomic Cell Preparation


Primary AML cells were cultured at a concentration of 1 × 106 cells/mL (10 mL medium per flask) in T25 flasks (Falcon; Glendale, AZ, USA); the culture medium was serum-free Iscove’s Modified Dulbecco Medium (IMDM) without phenol red (Ref. 21056023, ThermoFisher Scientific). The cells were collected after 48 h of in vitro incubation at 37 °C in a humidified atmosphere of 5% CO2. The single-pot, solid-phase-enhanced sample preparation SP3 method was used for digestion of 5–10 µg protein [21,22], but with addition of three extra washes with 80% EtOH for SDS removal and sample tube exchange after the third and the sixth washing step. NanoDrop UV-Vis spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used to measure the peptide concentration prior to LC-MS/MS analysis.




2.3. Analysis of AML Cell Viability and Proliferation


Primary AML cells 1 × 106 cells/mL (24 well culture plates, 2 mL/well) were incubated cultured in serum-free Stem Span SFEMTM medium (Stem Cell Technologies, Vancouver, BC, Canada) as described in detail previously [8], before flow cytometric analysis was used to determine AML cell viability. We could thereafter identify the following main cell populations by using the Annexin V and propidium iodide (PI) method: viable (Annexin−PI−), early apoptotic and apoptotic (Annexin+PI−), and late apoptotic/necrotic leukemic cells (Annexin+PI+). The results are presented as the percentage of viable cells.



Cell proliferation was analyzed by using a [3H]-thymidine incorporation assay [23,24]. Briefly, culture medium was serum-free Stem Span SFEMTM medium, and the cells were seeded (5 × 104 cells/well, 200 μL medium/well) in flat-bottomed 96-well microtiter plates (Nuncleon™; Nunc, Roskilde, Denmark). After 6 days of incubation, [3H]-thymidine (37 kBq in 20 μL saline per well; TRA 310; Amersham International, Amersham, UK) was added and cultures incubated for an additional 18 h before nuclear incorporation was determined by liquid scintillation counting. The median of triplicate cultures was used in all estimations, and detectable proliferation was defined as an incremental proliferation corresponding to at least 1000 counts per minute (cpm).




2.4. Liquid Chromatography (LC) Tandem Mass Spectrometry (MS) Analysis


Samples containing 0.6 µg tryptic peptides dissolved in 2% acetonitrile (ACN) and 0.5% formic acid (FA) were injected into an Ultimate 3000 RSLC system (Thermo Scientific, Waltham, MA, USA) online coupled to an Orbitrap Eclipse Tribrid mass spectrometer equipped with an EASY-IC/ETD/PTCR ion source and FAIMS Pro interface (Thermo Scientific, San Jose, CA, USA). The LC and column specifications have been described previously [25], except that the gradient composition using 100% ACN as solvent B was as follows: trapping over 5 min with 5% B followed by 5–7% B for 1 min, 7–22% B for the next 119 min, 22–28% B for 14 min, 28–80% B for 7 min, hold 80% B for 21 min, ramp to 5% B for 7 min, and hold 5% B for 21 min.



Instrument control was through Tune 3.4.3072.18 and Xcalibur 4.4. The MS1 resolution was 120,000 and the scan range 375–1500 m/z; AGC target was set to standard, maximum injection time was automatic and RF lens at 30%. The intensity threshold was set at 5.0 × 104 and dynamic exclusion lasted for 30 s. The MS/MS scans consisted of HCD with collision energy at 30%, quadrupole isolation window at 4 m/z, and orbitrap resolution at 15,000.



FAIMS was set up with the standard resolution mode and a total gas flow of 3.6 L/min. The CVs were set to −45, −65, and −80 V. As a quality control for the LC-MS system, a control sample from HeLa cell culture was run in the beginning, during, and in the end of the sample sequence (data not shown).




2.5. Statistical and Bioinformatical Analyses


The raw LC-MS files were searched with the Proteome Discoverer Software (version 2.5, Thermo Fisher Scientific, Bremen, Germany) using the SEQUEST HT database search engine with Percolator validation (FDR < 0.01), against the concatenated reviewed Swiss-Prot human database (canonical and isoform FASTA, downloaded from Uniprot 30 April 2021). Oxidation (M), Gln- > pyro-Glu (N-terminal peptides), and acetylation (N-terminal proteins) were set as dynamic modifications, and carbamidomethylation (C) was set as fixed modification. Default settings were used, except that the total peptide amount for all peptides was used for normalization, and summed abundances were used for protein abundance calculations.



The normalized protein abundances were imported into the Perseus software (version 1.6.1.1, Max Planck Institute for Biochemistry, Martinsread, Germany) [26] for data filtering, processing, and analysis (contaminants and proteins with medium or low confidence were removed from the data set). Proteins with at least five valid values (normalized protein abundance value) in each group were selected for statistical comparisons using Welch’s t-test and Z-statistics [27]. p-values < 0.01 were considered significant.



Perseus was used for hierarchical clustering with Pearson correlations as distance metrics and complete linkage. Gene ontology (GO) analyses were performed using a GO tool [28] where the GO slim subset according to Generic GO slim by GO consortium were reported and GO terms with FDR < 0.05 were considered significantly enriched. Significantly regulated proteins were imported to the STRING database (version 11.0 [29]) using experiments and databases as interaction sources and 0.7 as minimum required interaction score (i.e., high confidence). Cytoscape (version 3.3.0; National Institute of General Medical Sciences, Bethesda, MD, USA) and MCODE (version 2) were used to visualize and classify highly connected protein cluster [30,31].





3. Results


3.1. AML Patients Are Heterogeneous with Regard to Spondtaneous Apoptosis during In Vitro Culture of Their AML Cells


Cryopreserved primary AML cells derived from 41 patients were thawed and cultured for 48 h before the fractions of viable, early apoptotic and late apoptotic/necrotic cells were determined by flow-cytometric analysis as described previously [8]. The cells were cultured in an optimized medium (i.e., Stem Span TM [9]), but despite this we observed an expected variation between individual patients in the fraction of viable cells (Figure 1).



Cells from 32 of these patients were available for proteomic characterization during this process of spontaneous or stress-induced in vitro apoptosis. Based on the overall results for the whole group of 41 patients, we used a cut-off between high and low viability corresponding to 25% viable cells (Figure 1, Tables S1 and S2).



The clinical and biological characteristics of all patients with high (i.e., >25% viable cells) and low AML cell viability are presented in detail in Table S2. The two groups differed significantly with regard to patients with detectable spontaneous or autocrine in vitro proliferation (14 out of the 20 with high viability versus 7 out of 21 with low viability; Fisher’s exact test, p = 0.0244). This association between viability and proliferation was also confirmed by an alternative statistical analysis based on continuous variables (see Table S1, Pearson’s Correlation test, n = 40, r = 0.46, p = 0.002). The two groups did not differ significantly with regard to age, sex, previous hematological malignancies, AML cell differentiation (FAB/morphology, CD34 expression), karyotype, or molecular genetics (FLT3 and NPMI status). The 41 patients included a consecutive group of patients admitted to our hospital with the diagnosis of AML, and the 32 patients included in the proteomic studies represent an unselected subset. The left-out patients were four patients with low and five patients with high viability. The high viability subset of these 31 patients showed a median viability of 50.3% (n = 15, range 26.1–83.6%) and the low viability subset a median viability of 9.8% (n = 17, range 0.5–23.0%). Finally, the 15 high viability patients showed a median proliferation corresponding to 1830 counts per minute (cpm) (range < 1000 to 28°887 cpm), whereas the 17 low viability patients showed median proliferation corresponding to an undetectable level < 1000 cpm (range undetectable to 4263 cpm).




3.2. The Proteomic Analysis of AML Cells with High and Low Viability after In Vitro Culture


Proteomic studies were performed for 32 patients. Based on the overall results, we defined 25% viable cells at the cut-off point between high and low viability (Figure 1, Table S1). According to this definition, 15 patients were classified as high viability patients and 17 patients were classified as showing low viability. We quantified a total of 7902 proteins; more than 6500 proteins could be quantified for the large majority of patients, and the number of quantified proteins did not differ significantly between the two groups (Table S1).




3.3. Identification of Proteins with Different Expression When Comparing Patients with High and Low AML Cell Viability after In Vitro Culture


None of the quantified proteins were detected only for one of the two patient subsets, and all proteins reaching quantifiable levels for at least five patients in one subset also reached quantifiable levels for at least five patients in the other subset. Thus, there is a considerable overlap with regard to the proteomic profile between the high and low viability groups with no qualitative differences (i.e., only quantitative differences, see below) between the two groups.



We also compared the expression of each individual quantified protein; this statistical comparison only included proteins that could be quantified for at least five patients in each of the two groups. A significant difference was defined as p < 0.05 when using Welch’s t test and Z-score; 276 differentially expressed proteins could then be identified (194 peptides with increased and 85 peptides with decreased levels in patients with high viability) and 53 of these proteins showed a p-value < 0.01 (43 increased and 10 decreased in patients with high viability) (Supplementary File 2). Thus, only a minority of the 7209 quantified proteins (less than 5%) show differential expression when comparing patients with high and low AML cell viability after in vitro culture, and most of these proteins show increased levels in cells with high viability after culture.



We did Gene ontology (GO) analyses of the proteins that were upregulated in the cells with high (193 proteins) and low viability (84 proteins), respectively. The most significant terms are listed in Table 2. It can be seen that high viability was associated with high expression especially of proteins involved in transcription, whereas low viability was associated with high levels of proteins involved in cell signaling and organellar functions, especially endoplasmic reticulum localization.



We also did protein network analyses of the differentially expressed proteins; the results from analysis based on MCODE are presented in Figure 2 and these proteins are described more in detail in Table S3. More extensive networks including the same proteins were identified when the analysis was based on String and Cytoscape (Figure S1). These networks were mainly associated with low viability, i.e., they mainly included proteins increased/relatively high levels for patients with high spontaneous or stress-induced in vitro apoptosis (Figure 2, Table 3). All three networks are important for secretory granule/vesicle formation and/or organellar membranes. Network 2 is also important for translation/cotranslation, the protein peptidase complex, and the endoplasmic reticulum, whereas network 3 is important for the lysosomal function (probably also including autophagy). Furthermore, 13 of the 18 network proteins can be localized to the endoplasmic reticulum, and five of them are involved in or influenced by the Endoplasmic reticulum stress response/Unfolded protein response, a cellular response that is characterized by protein un/misfolding, altered regulation of protein synthesis, and protein degradation (see Table S3) [32,33].



Detailed descriptions of the 18 network proteins are given in Table S3, and based on these data the following summary can be made:




	
A majority of the proteins are endoplasmic reticulum proteins (ATP6AP2, ATP8B4, SSR4, DNAJC3, ITGM, ITGB2, SPCS1/2/3, SEC61A1, GRN, NPC2, GM2A).



	
Several proteins are also involved in the endoplasmic reticulum stress response/unfolded protein response (ATP6AP, GRN, DNAJC3, possibly also ITGAM/ITGB2), function as chaperon (DNAJC5), or are increased during cellular stress (FTL).



	
Many of the proteins are also involved in the regulation of apoptosis (HVCN1, ATP6AP, CEACAM1, GRN, FTL, DNAJC3).



	
Finally, GM2A and ATP6AP2 are lysosomal proteins.








To conclude, both the GO term analyses and the protein network analyses suggest that the endoplasmic reticulum is important for the development of spontaneous stress-induced apoptosis during in vitro culture. The endoplasmic reticulum stress response/unfolded protein response is characterized by un/misfolding, altered transcriptional regulation, and adjustment of protein synthesis/chaperone capacity/protein degradation [33]. The network proteins are thus involved in all these processes. The final event of this stress reaction can be either adaptation, increased autophagy, or induction of apoptosis [34]. For our in vitro cultured AML cells, the observed differences in the regulation of this stress response (see Table 2 and Table 3) are associated with increased apoptosis and decreased leukemic cell viability after cryopreservation/thawing/in vitro culture.




3.4. The BCL-2 Family


The BCL2 family proteins are important regulators in apoptosis [34,35,36,37,38], and a high preculture BCL2/BAX ratio as well as a high BCL2 level of primary AML cells are associated with high viability (i.e., low spontaneous in vitro apoptosis) [8]. However, we could not detect any significant associations between the levels of BCL2 family members and the degree of spontaneous apoptosis after 48 h of in vitro culture:




	
BCL2, MCL1, and BID could be quantified for all 32 patients, whereas BAX was detected for all 17 low viability patients and all except one high viability patient. The levels did not differ between the two patient groups.



	
BAK1 was expressed for 16 low and for 13 high viability patients. The levels did not differ between patients with high and low viability.



	
BMF was quantified for a minority of both high viability (six patients) and low viability patients (five patients); the levels did not differ significantly between the groups.



	
NOXA, BIK, HRK, BCLXL, BFL1, BIM, and PUMA could not be quantified for any patient.








These observations suggest that there is no major difference between patients with high and low AML cell viability in the expression of these BCL2 family members during the ongoing process of spontaneous/stress-induced in vitro apoptosis. Furthermore, eight of the 17 low viability patients and three out of the 15 high-viability patients showed a BCL2/BAX ratio exceeding 1; this difference did not even reach borderline significance (Fisher’s exact test, p = 0.258). Finally, we did an unsupervised hierarchical clustering analysis based on the six BCL2 family members with quantifiable protein levels (Figure S2); two main patient subsets could then be identified but the distribution of high/low viability patient samples did not differ between these two patient subsets.




3.5. Unuspervised Hierarchical Clustering Analysis Based on the Global AML Cell Proteomic Profile during Ongoing Spontaneous Stress-Induced Apoptosis


We did an unsupervised hierarchical cluster analysis based on the global proteomic profiles of the 32 primary AML cells (Figure 3). This analysis identified two main patient clusters referred to as the larger patient Subset 1 (the 20 left patients) and the smaller patient Subsets 2 (the 12 right patients); the larger left patient cluster could be further divided into two subsets with 9 and 11 patients, respectively. We also identified three protein subsets. The upper main protein cluster A (indicated by blue color to the right in the figure) included the majority of proteins and could be further divided into two subsets/subclusters referred to as the upper A1 (bright blue color) and lower A2 (dark blue) subclusters. The last main protein cluster included a small group of proteins and is referred to as main protein cluster B (indicated by green, see lower right in the figure).



A majority of the high AML cell viability patients were included in the minor right patient cluster/subset 2 (9 of the 12 patients), whereas only six of the high viability patients were included among the 20 patients in the larger patient cluster 1 (Fisher’s exact test, p = 0.0269). Thus, the difference in AML cell viability is also reflected in the clustering analysis based on the global proteomic profiles, but this analysis could not separate the high/low patients into two separate groups. The analysis also shows that even high-viability patients are heterogeneous with regard to the global proteomic profile, and the minority of high viability patients included in the left main patient cluster even included an exceptional patient with very low protein levels for a majority of proteins in the upper main protein cluster. This exceptional patient was an elderly patient with AML secondary to MDS and showing the highest AML cell viability of all 41 patients (Table S1, patient 1).



The three main patient groups (i.e., the two subsets in main cluster 1 including 9 and 11 patients, respectively; patient cluster 2) subsets did not differ significantly with regard to age, sex, or expression of the stem cell marker CD34 (Table S4). However, morphological signs of differentiation (FAB 4/5) differed significantly (Kruskall–Wallis test, p = 0.04221), and a large group of these patients clustered together in patient subset 3. Furthermore, the number of patients with Flt3-ITD reached only borderline significance when comparing the two main clusters (Fisher’s exact test, p = 0.0542), but the FLt3-ITD patients clustered close to each other especially the eight FLT3-ITD patients in patient subset 2, and patients with the genotype Normal karyotype/FLT3-ITD/NPM1-Ins were mainly located in the patient subset 2 (Table S4; Fishers exact test, p = 0.0135).



We compared the two patient clusters 1 and 2 with regard to different expression of individual proteins. A significant difference was defined as p < 0.05 when using Welch’s t test and Z-score. We then identified 217 differentially expressed proteins; 130 proteins were significantly increased for the 12 patients in the right cluster 2 that included nine patients with high viability, whereas 87 proteins were significantly increased in the larger left cluster 1 that mainly included patients with low viability (Supplementary File 2).



We also did GO analyses to compare the two main patient subsets, and these analyses also showed that these two patient subsets differed with regard to transcriptional regulation as well as extracellular space/region, plasma membrane, and intracellular vesicles (Table 4). Thus, the two main subsets differed with regard to the frequencies of patients with high/low viability after in vitro culture, and the most significant GO terms reflect similar differences as the proteomic comparison of high/low viability cells.



We also did GO analyses to compare the three main protein subsets, and these analyses showed that the three clusters differed with regard to proteins involved in endoplasmic reticulum/transport/organelle membrane (Cluster A1), nucleus/transcription (cluster A2), and extracellular/secreted proteins (Cluster B) (Table 5).



To conclude, the unsupervised hierarchical clustering analysis was based on the overall proteomic profiles of primary human AML cells during the process of stress-induced apoptosis, and the clustering analysis does not only reflect differences between patients with regard to endoplasmic reticulum stress/apoptosis but also differences associated with fundamental biological characteristics of the cells (i.e., morphology/differentiation and genetic abnormalities).




3.6. Hierarchical Clustering Analysis Based on the Overall Proteomic Profiles of the AML Cells; the Associations between Bax:Bcl2 Balance and Patient Subclassification


We estimated the Bax:Bcl2 ratio for AML cells derived from all 32 patients (Table S5). The Bax:Bcl2 ratio showed no correlation with AML cell viability (Pearson’s correlation test, r = 0.08) or AML cell proliferation (r = 0.05).



We then compared the Bax:Bcl2 ratio for the various patient subsets identified by the hierarchical clustering analysis (Figure 3); this analysis identified the two main patient clusters 1 and 2, and the main cluster 1 could be further divided into the two subsets/subclusters 1.1 (the nine left patients) and 1.2 (the other 11 patients) (Figure 3; Table S5). Patient subcluster 1.2 included a significantly higher number of patients with low AML cell viability (see Table S4 and Section 3.5). However, cluster 1.2 also included an increased number of patients with a Bax:Bcl2 ratio < 1.0 (Table S5; 8 out of 11 patients) compared with the other patients (4 out of 21 patients; Fisher’s exact test, p = 0.006). The four last patients with Bax:Bcl2 ratio < 1.0 clustered together in patient cluster 2 (Figure 3, Table S5), and in contrast the eight other patients including the four last patients were characterized by relatively high AML cell viability (range 23.0–70.7% viable cells). Thus, a low Bax:Bcl2 ratio (i.e., indicating a higher antiapoptotic activity that favors AML cell survival) is observed only for a subset/minority of the patients with high AML cell viability.



To summarize, (i) the Bax:Bcl2 ratio showed no association with AML cell viability; but (ii) patients with low Bax:Bcl2 ratio < 1.0 showed a limited heterogeneity with regard to the overall proteomic profile and clustered close to each other in only two different groups; and (iii) only one of these two Bax:Bcl2 < 1.0 patient subsets showed high viability/low apoptosis. Taken together these observations are consistent with the hypothesis that the impact of the Bax:Bcl2 balance on AML cell survival (i.e., stress-induced apoptosis) varies between patients and a strong effect of this balance is seen only for a minority of these patients. For most patients, other regulatory mechanisms (e.g., the endoplasmic stress reaction) seem to be more important to maintain the proapoptotic activity during ongoing spontaneous in vitro apoptosis.





4. Discussion


Functional in vitro models are extensively used in experimental studies of AML, and it is then important to use well-characterized and standardized models. However, primary AML cells undergo spontaneous or stress-induced apoptosis during in vitro culture even when using optimized culture conditions [8], and a better understanding of this phenomenon is important for our understanding and interpretation of results from experimental AML studies. Even though spontaneous apoptosis is seen for all patients, the degree and kinetics of the apoptotic process vary between patients [8,11], and the apoptotic process itself may therefore reflect important and possibly clinically relevant biological differences between patients. If this is the case, it would be similar to xenograft models of human AML where differences in engraftment reflect clinical outcome and engraftment is seen especially for patients with adverse outcome [39].



Our study included only patients with relatively high levels of AML cells in peripheral blood; enriched AML cell populations could then be prepared by density gradient separation alone [4,5]. By using this simple and highly standardized method for cell preparation, it was possible to avoid alterations induced by more extensive separation procedures [5]. Even though the level of circulating leukemia cells does not seem to have any major prognostic impact for patients receiving intensive and potentially curative chemotherapy (especially when the leukocyte count is below 100 × 109/L; for a detailed discussion see [12]), we would emphasize that our present results may be representative only for patients with relatively high levels of circulating AML cells.



As described in Section 2, our patients represent a consecutive group of 42 patients admitted to Haukeland University Hospital. Thus, all samples were derived during their stay at the Section for Hematology at our hospital and shipment of samples was thereby avoided; the samples could immediately be transported to our laboratory and cryopreservation of enriched AML samples was then done without delay and in accordance with the same standardized guidelines for all samples included in the study.



Previous studies suggest that AML relapse is derived from residual leukemic stem cells [13], and the risk of relapse will therefore depend on the chemosensitivity of this minority within the hierarchically organized AML cell population. However, one would expect that both the leukemic stem cells and the majority of more mature AML cells have the same genetic abnormalities that are important prognostic factors in AML [1]. Furthermore, several other biological characteristics of the total AML cell population are also associated with long-term AML-free survival, including mRNA expression profiles, noncoding RNA profiles, proteomic and phosphoproteomic profiles, as well as characteristics of epigenetic and metabolic regulation [12,14,15,16,17,18,19,20]. Finally, (i) no morphological signs of residual bone marrow disease 14 days after start of induction treatment and (ii) complete remission achieved after only one induction cycle are established prognostic markers in AML, and both these morphological criteria refer to the chemosensitivity of the overall AML cell population. For these reasons, we regard investigation of the overall cell populations to be relevant.



AML cells undergo spontaneous apoptosis during in vitro culture, and the viability will gradually decrease during standardized culture conditions corresponding to the conditions used in our present study (i.e., cryopreservation/thawing/serum-free IMDM-based medium/48 h of culture), although it shows a wide variation between patients [8]. We did our proteomic evaluation of the AML cells after 48 h of in vitro culture because at this time point patients show a wide variation in leukemic cell viability before the leukemic cell viability further decreases to similar low levels of viable cells [8]. Thus, the difference between patients with regard to spontaneous in vitro apoptosis is mainly due to differences in the kinetics of apoptosis induction. Finally, previous methodological studies have shown that intact viable/apoptotic/necrotic cells can then be detected [8].



Previous studies suggest that the balance between cellular levels of BAX and BCL2 is important for regulation of apoptosis during in vitro AML cell culture, and high preculture BCL2 levels or high BCL2:BAX ratios are then associated with low degree of apoptosis [8]. Several studies also suggest that this pretherapy balance between pro- and antiapoptotic mediators in the AML cells is associated with prognosis after intensive therapy; most of these studies have described that high BCL2 level, relatively low BAX level, or low high BCL2/BAX ratio are associated with decreased long-term AML-free survival [40,41,42,43,44,45,46,47]. One previous study suggests that the intracellular mediator compartmentalization is important for the associations with prognosis [45]. Furthermore, high spontaneous AML cell apoptosis with low viability is also associated with low preculture cellular levels of Heat shock protein (HSP) 70 and HSP90 [8], and clinical studies have shown that high intracellular HSP70/HSP90 levels in the malignant cells are associated with reduced survival both in AML and preleukemic myelodysplastic syndrome [48,49]. Although intracellular levels of neither BCL2/BAX nor HSP70/HSP90 are regarded as independent prognostic parameters in AML [1], these clinical observations indicate that BCL2/BAX as well as HSP70/HSP90 levels are important both (i) for clinical chemoresistance and thereby contribute to a high-risk AML cell phenotype, and (ii) they are in addition important for regulation of spontaneous or stress-induced AML cell apoptosis. Taken together these observations indicate that the molecular mechanisms involved in spontaneous in vitro apoptosis can influence the clinical chemosensitivity/survival.



In the present study, we investigated the proteomic profiles of AML cells derived from a consecutive group of patients. These patients showed a wide variation in the degree of spontaneous apoptosis/cell viability after standardized in vitro culture. High spontaneous apoptosis is associated with a high BCL2/BAX ratio and decreased levels of the chaperones HSP70 and HSP90 [8]. Our present study also suggests that the patient heterogeneity with regard to spontaneous in vitro apoptosis reflects complex cellular differences between patients in the regulation of apoptosis. Furthermore, we observed a significant association between spontaneous apoptosis and the capacity of short-term autocrine proliferation; and previous studies have described significant associations between short-term proliferative capacity and survival after intensive chemotherapy [50,51]. Taken together, these observations suggest that clinical chemoresistance/survival is reflected both in the capacity of autocrine short-term proliferation and resistance to spontaneous apoptosis, although it should be emphasized that the capacity of long-term in vitro proliferation [11,52] or xenotransplant proliferation/engraftment [52] seems to show a stronger association than both short-term proliferation and AML cell survival.



The associations between BCL2/BAX/HSP70/HSP90 and apoptosis/cell survival have been described in native AML cells prior to in vitro culture [32,33,41,42,43,44,45,46,47,53,54,55]. In our present study, we decided to further study the proteomic profiles as a dynamic profile during ongoing apoptosis-inducing in vitro culture. We could not detect any differences in cellular levels of BCL2 family members or HSP70/HSP90 when comparing patients with high and low cellular viability after 48 h of in vitro culture. This observation can probably be explained by modulation of BCL2 family member and HSP levels during culture, e.g., by the stress-induced endoplasmic reticulum/unfolded protein stress response [56,57,58].



Our proteomic study suggests that the endoplasmic reticulum stress/unfolded protein reaction is important for regulation of AML cell viability/apoptosis. The endoplasmic stress can result in better balance between protein synthesis and chaperone capacity by reducing protein synthesis, increasing chaperone capacity, and inducing autophagy/protein degradation, but the reaction can also result in induction of apoptosis [57,58,59,60,61,62,63,64,65,66,67]. The importance of this reaction as a proapoptotic signal seems to vary between patients. Our study indicates that its importance is also reflected in the extent of spontaneous in vitro apoptosis; and the potential role of this reaction as a proapoptotic signal during cellular stress is as also suggested by the association with the pre-stress cellular levels of the HSP70 and HSP90 chaperones [8]. Our present study also identified three protein networks that seem to be of particular importance for the proapoptotic effect of the endoplasmic reticulum stress response in AML cells. However, our hierarchical clustering analysis suggests that the global proteomic profile in addition is influenced by other AML cell characteristics (e.g., cell differentiation, genetic abnormalities) even during cytoplasmic reticulum stress. Similar associations between morphology and the proteomic profile have been described previously for primary AML cells investigated without in vitro culture [68]. Thus, future studies of possible biomarkers for increased susceptibility to endoplasmic reticulum stress should focus on selected proteins or protein profiles (e.g., proteins identified in our present study) and not on the global proteomic profiles.



In our study we observed differences in the regulation of the endoplasmic stress response when comparing the cryopreserved cells before in vitro culture. These differences may be present in circulating AML cells in vivo, but we cannot exclude the possibility that they are caused by an ex vivo stress response to cell separation and cryopreservation. However, the observed association between prognosis and activation of the endoplasmic stress response in previous clinical studies [69,70] suggest that our present observations have a clinical relevance independent of whether our differences represent an ex vivo stress response or not. In our opinion, the present differences probably represent in vivo differences; modulation of intracellular protein levels during ex vivo handling of cell samples at a standardized room temperature seems less likely. However, further studies are needed to clarify whether these differences are important also in vivo, e.g., as a stress response during antileukemic treatment.



In our study we included a relatively large group of consecutive patients, for this reason a large number of elderly patients unfit for intensive and potentially curative therapy were included. Our patients are thus representative with regard to AML cell biology, but they are heterogeneous with regard to antileukemic treatment, and for this reason the numbers are too low to allow comparison of survival between patient subsets.



The endoplasmic stress response has been investigated in few previous AML studies. Two studies examined mRNA levels of three cellular molecules/biomarkers of endoplasmic reticulum stress and suggested that signs of endoplasmic reticulum stress were associated with a favorable prognosis [69,70]. This is also consistent with another study suggesting that endoplasmic reticulum stress can induce apoptosis in human AML cells [71]. A last recent study emphasized the importance of the JUN transcription factor for the regulation of several key effectors of this stress reaction [72]. These last authors suggest that inhibition of JUN activation through blocking of upstream signaling or direct JUN inhibition should be considered as possible therapeutic strategies in human AML. An alternative strategy could be inhibition of the V-ATPase as suggested by our present results and from the observations in other malignancies [72].



Several strategies have been investigated to improve the survival/viability of cryopreserved cells, and especially the studies of normal hematological stem/progenitor cells are relevant for AML cells. To the best of our knowledge, no previous studies have compared different procedures for cryopreservation of immature malignant hematopoietic cells, e.g., primary human AML cells. Targeting the endoplasmic stress response may be a possibility to improve viability, but it has not been investigated in previous studies. Most of the reported studies of normal hematopoietic cells have tried to decrease the toxicity of the freezing solutions. First, reduction of the toxic dimethyl sulfoxide concentration from 10% to 5% seems to improve the survival of normal immature hematopoietic cells, including hematopoietic stem cells [73,74]. Second, addition of antiapoptotic agents to the freezing solutions can also reduce the toxicity, e.g., catalase, threalose, and hyaluronic acid [75,76,77]. Thirdly, optimization of the freezing or thawing procedures should also be further investigated, although controlled cooling does not seem to have an effect [78]. Finally, improved viability by the use of boron has been described for mesenchymal stem cells [79]. Until there is a general agreement on the optimal method for stem cell or AML cell preservation, it will be important to include detailed descriptions of the methods for cryopreservation and thawing in future biobank studies, and only to include/compare samples that are prepared according to the same methodological protocols [80,81].




5. Conclusions


High stress-induced spontaneous apoptosis of in vitro cultured primary human AML cells is associated with high expression of several markers of the endoplasmic reticulum/unfolded protein stress response. Although the endoplasmic reticulum response can function as a protective mechanism during cellular stress, our study suggests that at least for certain patients this stress response is associated with apoptosis induction. This effect has also been described in AML xenograft models [71]. Further increase of the endoplasmic reticulum stress through targeted therapy may therefore represent a possible strategy to increase the proapoptotic activity for this AML patient subset, i.e., as a part of future and personalized AML therapy [82].
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Figure 1. The variation in spontaneous stress-induced AML cell apoptosis between patients. Primary AML cells were derived from 41 consecutive patients. The cells were separated/enriched, cryopreserved, and stored frozen in liquid nitrogen until they were thawed and cultured in vitro for 48 h before the percentages of viable-early apoptotic-late apoptotic/necrotic cells were determined by flow cytometry. The figure presents the percentage of viable AML cells (x-axis) derived from 41 individual patients (y-axis, patient number/identity) at the end of the culture period. The median viability for all 41 patients was 23.0% (range 0.5–83.6%). The results are presented as the percentage of viable cells. The 32 patients included in the proteomic studies (see Section 3.2, Section 3.3, Section 3.4 and Section 3.5) are indicated by dark color and based on the median viability level in this analysis of overall viability data including 41 patients; we used 25% viable cells as the cut-off between high and low viability patients. 
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Figure 2. Protein network analyses identified by MCODE. The protein interaction network analysis was based on the 276 differentially expressed proteins identified by the comparison of patients with high and low viability after 48 h of in vitro AML cell culture. The figure presents the three clusters that included at least five proteins. Purple color indicates decreased abundance in the high viability group (i.e., high levels for patients with <25% viable cells due to increased spontaneous/stress-induced apoptosis); turquoise color indicates increased protein abundance in the high viability group. 
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Figure 3. Unsupervised hierarchical clustering analysis based on the global proteomic profiles of primary AML cells during on-going spontaneous stress-induced in vitro apoptosis; an analysis based on all 7684 identified proteins. The analysis included 32 patients; for 15 of them, the AML cells showed high viability after 48 h of in vitro culture whereas for 17 of them low viability was observed; this classification is indicated at the top of the figure. Two main patient clusters were identified. The left main cluster included 20 patients and is referred to as patient cluster 1; this main cluster could be further divided into two patient subsets/subclusters 1.1 (left subset, n = 9)) and the right subset 1.2 including the remaining 11 patients. The right main cluster included 12 patients and is referred to as patient subset 2. Red color indicates a protein level higher than the corresponding median level for each individual protein, whereas blue color indicates a lower level than the corresponding median level (see the lower bar in the figure). We identified three protein subsets; the upper main protein cluster (referred to as protein cluster A) included the majority of proteins and could be further divided into two protein subsets/subclusters indicated by blue and dark blue color (see right part of the figure; referred to as upper Subset A1 and lower A2 cluster in the text). The second main protein cluster included a small group of proteins and is referred to as protein cluster B (indicated by green, see lower right in the figure). 
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Table 1. Clinical and biological characteristics of the 41 AML patients included in the study. Unless otherwise stated, the results are presented as the number of patients.
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Sex and Age (n = 41)

	

	
Cytogenetic Abnormalities






	
Males/females

	
22/19

	
Normal karyotype

	
21




	
Age (years; median/range)

	
70/18–87

	
Favorable

	
4




	

	

	
Intermediate

	
9




	
Predisposition/previous disease

	

	
Adverse

	
4




	
Previous chronic myeloid neoplasia

	
1

	
Not tested

	
3




	
Myelodysplastic syndrome

	
8

	

	




	
Relapsed AML

	
3

	
FLT3 status

	




	
Chemotherapy

	
0

	
ITD

	
14




	

	

	
Normal

	
19




	
Morphology/FAB classification

	

	
Not tested

	
8




	
M0/M1

	
17

	

	




	
M2

	
8

	
NPM1 status

	




	
M4/M5

	
16

	
Insertion

	
14




	
M6/M7

	
0

	
Insertion + Flt3-ITD

	
8




	

	

	
Normal

	
20




	
CD34 expression

	
22

	
Not tested

	
7








Abbreviations: FAB, French-American-British; ITD, internal tandem duplication.
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Table 2. Classification of proteins showing differential expression when comparing AML cells with high (i.e., >25% viable cells) and low viability after in vitro culture using a GO tool. We identified 276 proteins with significantly different levels, and the table presents the six terms for each of the two patient subsets with the lowest false discovery rate (FDR) when analyzing GO cellular component/cellular component text mining, GO biological process, GO cell components, GO molecular function, KEGG pathways, Reactome pathways, and UniProt keywords. The table presents the description of each term together with foreground and background counts, p- and s-values. S-value is a combination of (minus log) p value and effect size (i.e., positive associations in the foreground divided by all associations); a positive value indicates overrepresentation of a given term, and a negative value indicates underrepresentation of a given term. Foreground counts indicate the number of positive associations in a given cluster for a given term (i.e., the number of proteins associated with the given term) and background counts indicate the number of positive associations in the dataset. The proteins were ranked based on the FDR and the table presents the six highest ranked terms for each group.
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Term

	
Description

	
FDR

	
Category

	
Foreground Count

	
Background Count

	
p-Value

	
s-Value






	
High expression in patients with high viability/low spontaneous apoptosis




	
KW-0539

	
Nucleus

	
0.0017

	
UniProt keywords

	
115

	
2597

	
2.13 × 10−6

	
1.32




	
KW-0832

	
Ubl conjugation

	
0.0017

	
UniProt keywords

	
72

	
1443

	
2.11 × 10−6

	
0.98




	
KW-0805

	
Transcription regulation

	
0.0017

	
UniProt keywords

	
52

	
829

	
1.50 × 10−6

	
0.90




	
KW-0804

	
Transcription

	
0.0017

	
UniProt keywords

	
53

	
877

	
1.46 × 10−6

	
0.89




	
KW-1017

	
Isopeptide bond

	
0.0017

	
UniProt keywords

	
59

	
1135

	
2.54 × 10−6

	
0.83




	
KW-0863

	
Zinc-finger

	
0.0018

	
UniProt keywords

	
38

	
586

	
2.37 × 10−6

	
0.65




	
High expression in patients with low viability/high spontaneous apoptosis




	
KW-0675

	
Receptor

	
0.00032

	
UniProt keywords

	
14

	
174

	
2.77 × 10−7

	
0.92




	
KW-0256

	
Endoplasmic reticulum

	
0.00033

	
UniProt keywords

	
28

	
644

	
5.61 × 10−7

	
1.49




	
KW-0472

	
Membrane

	
0.00041

	
UniProt keywords

	
65

	
2341

	
1.25 × 10−6

	
2.55




	
KW-1133

	
Transmembrane helix

	
0.00041

	
UniProt keywords

	
50

	
1217

	
2.13 × 10−6

	
2.36




	
KW-0732

	
Signal

	
0.00041

	
UniProt keywords

	
37

	
658

	
1.04 × 10−6

	
2.05




	
KW-1015

	
Disulfide bond

	
0.00041

	
UniProt keywords

	
35

	
665

	
1.18 × 10−6

	
1.88
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Table 3. Classification of proteins showing differential expression for each of the three networks identified in the protein network interaction analysis (see Figure 2) using a GO tool. We identified 276 proteins with significantly different levels, and 18 of them were included in the three networks. The table presents the six terms with the lowest false discovery rate (FDR) when analyzing GO cellular component/cellular component text mining, GO biological process, GO cell components, GO molecular function, KEGG pathways, Reactome pathways, and UniProt keywords. The table presents the description of each term together with foreground and background counts, as well as p- and s-values. S-value is a combination of (minus log) p value and effect size (i.e., positive associations in the foreground divided by all associations); a positive value indicates overrepresentation of a given term, and a negative value indicates underrepresentation of a given term. Foreground counts indicate the number of positive associations in a given cluster for a given term (i.e., the number of proteins associated with the given term) and background counts indicate the number of positive associations in the dataset. The proteins were ranked based on the FDR and the table presents the six highest ranked terms for each network.
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Term

	
Description

	
FDR

	
Category

	
Foreground Count

	
Background Count

	
p-Value

	
s-Value




	
Network 1

	

	

	

	

	

	

	






	
KW-1003

	
Cell membrane

	
4.28 × 10−5

	
UniProt

	
8

	
824

	
3.7 × 10−8

	
6.57




	
GOCC:0030141

	
Secretory granule

	
0.00017

	
CC-TM

	
8

	
468

	
4.6 × 10−8

	
6.85




	
GOCC:0098588

	
Bounding membrane of organelle

	
0.00017

	
CC-TM

	
8

	
844

	
4.4 × 10−8

	
6.47




	
GOCC:0030659

	
Cytoplasmic vesicle membrane

	
0.00017

	
CC-TM

	
8

	
331

	
3.1 × 10−7

	
6.21




	
GOCC:0030667

	
Secretory granule membrane

	
0.00017

	
CC-TM

	
8

	
175

	
5.9 × 10−7

	
6.08




	
GOCC:0098805

	
Whole membrane

	
0.00017

	
CC-TM

	
8

	
954

	
1.2 × 10−7

	
6.00




	
Network 2

	

	

	
CC-TM

	

	

	

	




	
HSA-72766

	
Translation

	
0.00038

	
Reactome

	
5

	
279

	
1.0 × 10−7

	
6.71




	
HSA-1799339

	
SRP-dependent cotranslational protein targeting to membrane

	
0.00080

	
Reactome

	
5

	
103

	
2.6 × 10−7

	
6.49




	
GOCC:0005787

	
Signal peptidase complex

	
3.76 × 10−5

	
CC-TM

	
3

	
5

	
9.6 × 10−9

	
4.81




	
map03060

	
Protein export

	
0.00013

	
KEGG

	
4

	
19

	
3.0 × 10−7

	
5.20




	
GOCC:0005789

	
Endoplasmic reticulum membrane

	
0.00024

	
CC-TM

	
5

	
290

	
1.2 × 10−7

	
6.62




	
HSA-400511

	
Synthesis, secretion, and inactivation of GPI

	
0.00026

	
Reactome

	
3

	
6

	
1.4 × 10−8

	
4.70




	
Network 3

	

	

	

	

	

	

	




	
GOCC:0034774

	
Secretory granule lumen

	
3.2 × 10−5

	
CC-TM

	
5

	
167

	
8.2 × 10−9

	
7.90




	
GOCC:0035578

	
Azurophil granule lumen

	
9.68 × 10−5

	
CC-TM

	
5

	
80

	
9.8 × 10−8

	
6.93




	
GO:0005764

	
Lysosome

	
0.0036

	
CC

	
5

	
465

	
1.3 × 10−6

	
5.50








Abbreviations: CC, GO cellular component; CC-TM, GO cellular component TextMining; GPI, Glucose-dependent Insulinotropic Polypeptide (GIP); KEGG, KEGG pathway; UniProt, UniProt keywords.
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Table 4. Classification of proteins showing differential expression when comparing AML cells from the two main patient clusters identified in the hierarchical clustering analysis (Figure 3). The analysis is based on the overall proteomic profiles for the 32 patients. The table presents the six terms with the lowest false discovery rate (FDR) when analyzing GO cellular component/cellular component text mining, GO biological process, GO cell components, GO molecular function, KEGG pathways, Reactome pathways, and UniProt keywords. The table presents the description of each term together with foreground and background counts, p- and s-values. S-value is a combination of (minus log) p value and effect size (i.e., positive associations in the foreground divided by all associations); a positive value indicates overrepresentation of a given term, and a negative value indicates underrepresentation of a given term. Foreground counts indicate the number of positive associations in a given cluster for a given term (i.e., the number of proteins associated with the given term) and background counts indicate the number of positive associations in the dataset.
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Term

	
Description

	
FDR

	
Category

	
Foreground Count

	
Background Count

	
p-Value

	
s-Value






	
Upregulated in the right patient cluster B (n = 12)




	
KW-0832

	
Ubl conjugation

	
0.0019

	
UniProt

	
53

	
1465

	
1.77 × 10−6

	
1.16




	
KW-1017

	
Isopeptide bond

	
0.0019

	
UniProt

	
44

	
1148

	
3.27 × 10−6

	
0.97




	
KW-0805

	
Transcription regulation

	
0.0019

	
UniProt

	
37

	
842

	
1.84 × 10−6

	
0.95




	
KW-0804

	
Transcription

	
0.0019

	
UniProt

	
37

	
891

	
1.62 × 10−6

	
0.92




	
KW-0863

	
Zinc-finger

	
0.0053

	
UniProt

	
26

	
597

	
4.10 × 10−5

	
0.51




	
GO:0003700

	
DNA-binding transcription factor activity

	
0.0095

	
GO MF

	
19

	
223

	
1.6 × 10−6

	
068




	
Downregulated in the right patient cluster (n = 12)




	
GO:0005886

	
plasma membrane

	
0.00084

	
GO CC

	
60

	
1625

	
9.48 × 10−7

	
2.83




	
GO:0005576

	
extracellular region

	
0.00084

	
OG CC

	
52

	
1624

	
9.05 × 10−7

	
2.28




	
GO:0005615

	
extracellular space

	
0.00095

	
GO CC

	
49

	
1414

	
2.06 × 10−6

	
2.11




	
GO:0031410

	
cytoplasmic vesicle

	
0.00085

	
GO CC

	
40

	
1286

	
1.54 × 10−6

	
1.65




	
GO:0030312

	
external encapsulating structure

	
0.00079

	
GO CC

	
11

	
117

	
2.83 × 10−7

	
0.73




	
GO:0031012

	
extracellular matrix

	
0.00079

	
GO CC

	
11

	
117

	
2.83 × 10−7

	
0.73








Abbreviations: CC, cellular component; MF, molecular function; Uniprot, Uniprot Pathway.
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Table 5. Classification of proteins included in the three major protein subsets (clusters A1, A2, and B) identified in the unsupervised hierarchical cluster analysis based on the overall proteomic profiles for the 32 patients (Figure 3). We used a GO tool for the analysis. This table presents the six terms with the lowest false discovery rate (FDR) when analyzing GO cellular component/cellular component text mining, GO biological process, GO cell components, GO molecular function, KEGG pathways, Reactoma pathways, and UniProt keywords for each of the three protein subsets. The table presents the description of each term together with foreground and background counts, as well as p- and s-values. S-value is a combination of (minus log) p value and effect size (i.e., positive associations in the foreground divided by all associations); a positive value indicates overrepresentation of a given term, and a negative value indicates underrepresentation of a given term. Foreground counts indicate the number of positive associations in a given cluster for a given term (i.e., the number of proteins associated with the given term) and background counts indicate the number of positive associations in the dataset.
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Term

	
Description

	
FDR

	
Category

	
Foreground Count

	
Background Count

	
p-Value

	
s-Value






	
Protein cluster 1A

	

	

	

	

	

	




	
KW-0472

	
Membrane

	
0.018

	
UniProt

	
1721

	
2530

	
1.42 × 10−5

	
0,20




	
KW-0256

	
Endoplasmic reticulum

	
0.017

	
UniProt

	
520

	
671

	
1.82 × 10−5

	
0.12




	
KW-0813

	
Transport

	
0.033

	
UniProt

	
718

	
991

	
8.39 × 10−5

	
0.11




	
GOCC:0012505

	
Endomembrane system

	
0.036

	
GO CC-TM

	
1404

	
2001

	
1.08 × 10−5

	
0.21




	
GOCC:0016020

	
Membrane

	
0.036

	
GO CC-TM

	
1736

	
2551

	
1.35 × 10−5

	
0.20




	
GOCC:0031090

	
Organelle membrane

	
0.036

	
GO CC-TM

	
1165

	
1619

	
9.22 × 10−6

	
0.20




	
Protein cluster 1B

	

	

	

	

	

	




	
KW-0539

	
Nucleus

	
0.0044

	
UniProt

	
1078

	
2737

	
8.27 × 10−6

	
0.44




	
KW-0804

	
Transcription

	
0.0044

	
UniProt

	
438

	
929

	
5.85 × 10−6

	
0.31




	
KW-0805

	
Transcription regulation

	
0.0044

	
UniProt

	
415

	
879

	
5.79 × 10−6

	
0.30




	
KW-0238

	
DNA-binding

	
0.0044

	
UniProt

	
305

	
625

	
5.22 × 10−6

	
0.23




	
KW-0832

	
Ubl conjugation

	
0.0044

	
UniProt

	
579

	
1507

	
2.31 × 10−5

	
0.19




	
KW-0863

	
Zinc-finger

	
0.0044

	
UniProt

	
275

	
626

	
9.99 × 10−6

	
0.16




	
Protein cluster 2

	

	

	

	

	

	




	
KW-0325

	
Glycoprotein

	
0.0012

	
UniProt

	
172

	
1034

	
3.60 × 10−6

	
0.69




	
KW-1015

	
Disulfide bond

	
0.0012

	
UniProt

	
142

	
791

	
3.25 × 10−6
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Cell membrane

	
0.0012

	
UniProt
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3.01 × 10−6
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Signal

	
0.0012

	
UniProt

	
131
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3.16 × 10−6

	
0.54
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Membrane

	
0.0012

	
UniProt

	
284

	
2530

	
4.91 × 10−6

	
0.53




	
KW-0964

	
Secreted

	
0.0012

	
UniProt

	
76

	
372

	
2.37 × 10−6

	
0.38








Abbreviations: CC-TM, cellular component TextMining; Uniprot, Uniprot Keywords.
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