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Multiple myeloma (MM) typically develops over years through the abnormal 

transformation and asymptomatic expansion of clonal plasma cells.1 This process is 

influenced by the bone marrow microenvironment, where chronic extracellular acidosis—

arising from exacerbated aerobic glycolysis and compromised vascularization—is a 

substantial but under-characterized stressor.2,3 Such microenvironmental acidification has 

recently emerged as a notable oncogenic factor in solid cancers,4,5 yet research into 

hematologic malignancies is restricted to acute, short-term responses.6,7 In this study, we 

investigated the long-term consequences of acidic extracellular pH (pHe) to reflect the 

sustained acidotic stress of the marrow niche. We aimed to clarify how MM cells tolerate 

and adapt to prolonged acidosis and to identify a core adaptive gene signature that 

correlates with clinical progression and poor prognosis. 

To distinguish transient stress from long-term adaptation, we established experimental 

models (Figure 1A) using human myeloma LP-1 (discovery model; Figure 1) and NCI-H929 

(validation model; Online Supplementary Figure S1) cells, both t(4;14)-positive, chronically 
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exposed to pHe 6.8 to mimic the acidity frequently found in the pathological marrow 

niche.6,8 To ensure precision and avoid metabolic artifacts associated with lactic acid 

titration, we employed a rigorous HCl-based protocol to stabilize the target pHe,9 thereby 

preventing confounding effects on nutrient bioavailability often induced by organic acids. 

Cells were propagated for short-term (S.A., 2–4 weeks), mid-term (M.A., 4–5 months), or 

long-term (L.A., 8–10 months) durations. This longitudinal approach captured a slow, 

reversible adaptive trajectory typically overlooked by conventional acute-exposure models. 

All subsequent experimental procedures complied with institutional guidelines and national 

ethical regulations. 

Upon initial acidic exposure, both cell lines exhibited decreased proliferation and 

increased apoptosis (S.A. vs Ctrl; Figures 1B–C; Online Supplementary Figures S1A–B). Daily 

monitoring identified a 72-to-96-hour window where apoptosis peaked before survivors 

acclimated (Online Supplementary Figure S2A). Growth suppression correlated with G1-

phase arrest and downregulation of essential cell cycle regulators,10 including CDK1, CDK2, 

CCNB1, and CCNE2 (Figure 1C; Online Supplementary Figures S1B & S2A–C). These findings 

demonstrate that acidosis is fundamentally toxic before it becomes permissive. 

Nonetheless, the inhibitory effect was transient; continued exposure resulted in a gradual 

recovery of proliferative capacity and a return of apoptosis rates toward baseline levels 

(M.A. and L.A. vs Ctrl; Figures 1B–C; Online Supplementary Figures S1A–B). This biphasic 

trajectory was characterized by the restoration of cell cycle-associated protein expression 

and proliferative activity in acid-acclimated cells (Figure 1C; Online Supplementary Figure 

S1B), suggesting a coordinated adaptive program that eventually supersedes initial 

cytotoxicity. 

To determine how acidosis influences MM bioenergetics, we assessed oxygen 
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consumption rate (OCR) and extracellular acidification rate (ECAR). As depicted in Figure 1D 

and Online Supplementary Figures S1C & S2D, early exposure markedly suppressed 

mitochondrial respiration and glycolytic output (S.A. vs Ctrl). In the chronic adaptive phase, 

however, OCR/ECAR values rose substantially relative to the acute response (L.A. vs S.A.), 

indicating a durable metabolic reorganization and bioenergetic rebound. Although the 

extent of recovery varied, each cell line reached a stable energetic state sustaining 

prolonged growth in an acidic milieu. This restoration was complemented by augmented 

glucose uptake and elevated expression of metabolic enzymes,11 including SLC2A1, PFKP, 

PKM2, and LDH (Figure 1D; Online Supplementary Figures S1C & S2E). 

Ultrastructurally, this functional recovery was also evident. Early acidosis induced 

elongated mitochondria with disrupted cristae, indicating structural stress (Figure 1E; Online 

Supplementary Figure S1D). Yet with prolonged exposure, mitochondria gradually resumed 

normal ovoid morphology with orderly cristae. To quantify these alterations, we performed 

morphometric analyses of mitochondrial shape descriptors—circularity, aspect ratio, 

roundness, and solidity—metrics describing organelle elongation and contour regularity.12 

Descriptor values underwent notable shifts following early acid exposure but returned 

toward baseline distributions in adapted cells (Figure 1E; Online Supplementary Figure S1D). 

This phenomenon mirrors stress-induced mitochondrial hyperfusion (SIMH) observed in 

solid tumors,13 which preserves ATP production under adverse conditions. Overall, our 

findings suggest that acute acidotic stress elicits a conserved response in MM cells with 

marked mitochondrial and metabolic perturbation. With chronic exposure, cells engage an 

organized adaptive response that abrogates these changes and promotes fitness. This 

trajectory supports a model in which extracellular acidosis initially imposes a strong 

inhibitory burden but ultimately orchestrates the metabolic and structural reprogramming 
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that underlies survival and disease aggressiveness. 

This adaptation converges with plasma cell biology. Long-lived plasma cells (LLPCs) 

reside in specialized marrow niches and require high metabolic robustness to extend 

antibody production for decades.14,15 Given that MM involves terminally differentiated 

plasma cells, it likely co-opts these latent survival strategies. The late-stage, acid-acclimated 

state characterized here mimics LLPC durability, complemented by mitochondrial functional 

recovery. Consequently, chronic acidosis operates as an evolutionary sculptor, favoring 

subpopulations with high mitochondrial resilience and metabolic flexibility, thereby 

stabilizing LLPC-like survival modules within the bone marrow ecosystem. 

To define the molecular landscape of MM cell adaptation to chronic extracellular acidity, 

we conducted global transcriptomic profiling using Affymetrix microarrays. Pathway 

enrichment analysis identified hallmark gene sets and canonical pathways modulated during 

the transition from acute stress to stable adaptation (Figures 2A–B). In particular, pathways 

governing cell-cycle progression and DNA replication (e.g., E2F targets, G2/M checkpoint) 

were strongly suppressed during the early stress response but became increasingly enriched 

as cells reached the long-term (L.A.) phenotype (Figures 2A–B). The robust reactivation of 

these programs in L.A. cells indicates the re-establishment of a metabolic steady-state 

sufficient to support DNA replication, distinguishing chronic adaptation from the transient 

growth arrest during acute stress. Beyond proliferative recovery, chronic acidosis activated 

signaling networks involved in tumor progression, such as TGF-β and IL6/JAK/STAT3 

pathways. Hierarchical clustering of leading-edge genes revealed a coordinated shift in 

transcripts linked to survival signaling and metabolic control (Figure 2C), suggesting that 

prolonged stress drives a dynamic reprogramming toward sustainable malignant adaptation. 

This molecular landscape remains plastic, as “switch-back” experiments returning L.A. cells 
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to pHe 7.4 induced transcriptomic reversibility of representative markers (data not shown), 

further distinguishing chronic adaptation from fixed clonal selection. 

By intersecting transcriptomic profiles of short-term (S.A. vs Ctrl; 3,349 probes) and long-

term acidification (L.A. vs Ctrl; 2,382 probes), as well as the transition between them (L.A. vs 

S.A.; 4,184 probes), we identified a core set of 106 protein-coding genes (represented by 

178 probes) consistently modulated across all three contrasts (Figure 3A; Online 

Supplementary Tables S1A–B). These core transcripts exhibited a highly coherent expression 

pattern across adaptive stages (Figures 3B–C). Whereas upregulated genes primarily 

involved mitogenic and cell cycle signaling (e.g., ANLN, CEP55, E2F2) and metabolic-

mitochondrial adaptation (e.g., ELOVL6, PANK1, SLC25A53), the downregulated markers 

(e.g., ESR2, SLAMF7) were associated with the suppression of pro-apoptotic and immune-

modulatory pathways. 

We subsequently filtered this core set using the MMRF-CoMMpass dataset to isolate 

clinical drivers (Online Supplementary Tables S1A–B). As anticipated, the vast majority of 

excluded background transcripts showed no significant prognostic relationship (OS.p > 0.05), 

suggesting a highly specific molecular transition under persistent acidic stress rather than a 

generic cell-stress response. The resulting 11-gene signature, comprising seven long-term 

acidity-upregulated genes (E2F2, ANLN, FAT1, CENPI, IGFBP7, ELOVL6, SLC25A53) and four 

long-term acidity-downregulated markers (SLAMF7, ESR2, GPR160, ANKRD36BP2), reliably 

predicted overall survival (Figures 3D–E, left panels). To enhance prognostic power, we 

calculated a composite acidotic adaptive score based on the mean expression of these gene 

sets. Patients with high mean expression of the seven acidity-upregulated genes exhibited 

markedly inferior survival (p = 6 × 10-7; Figure 3D, middle panel); conversely, those with low 

mean expression of the four acidity-downregulated genes demonstrated a comparable 
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survival disadvantage (p = 2 × 10-6; Figure 3E, middle panel). These adaptive scores closely 

correlated with clinical stages I–III (Figures 3D–E, right panels). The signature thus uncovers 

unique microenvironmental drivers of progression that are functionally distinct from 

proliferation indices or structural genomic aberrations used in established models. 

To further validate these clinical drivers across progressive disease evolution, we 

analyzed independent datasets (GSE6477 and GSE80608). While SLC25A53 lacked probe 

representation on these microarray platforms, the remaining ten signature biomarkers 

tracked progressively from normal plasma cells through MGUS and SMM to overt MM 

(Online Supplementary Figure S2F). Finally, a Pearson correlation matrix (Figure 3F) 

confirmed that the upregulated genes exhibited strong positive correlations with one 

another but significant negative correlations with the downregulated markers, identifying a 

coordinated molecular module driven by chronic acidotic stress. 

In summary, our study demonstrates that chronic acidosis acts as a potent selective 

force driving MM cell adaptation. We describe a slow, stepwise evolution from acute 

toxicity to metabolic flexibility and mitochondrial resilience, accompanied by a validated 

acid-adaptive gene signature. Although prospective validation in larger cohorts and a 

broader cell line panel remains essential, this signature offers potential as a biomarker of 

microenvironmental rewiring and a target for focused interference with acidosis-driven 

progression. These data elucidate the limitations of risk stratification schemes that rely 

almost exclusively on genomic characteristics while neglecting dynamic microenvironmental 

forces. Fundamentally, our work supports a view of MM as an evolving ecosystem in which 

malignant plasma cells gradually acquire tolerance under persistent extracellular acidosis—a 

dynamic process reflected in the protracted and relapsing clinical history of this disease.   
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Figure legends 

Figure 1. Biphasic adaptive responses, bioenergetic reprogramming, and mitochondrial 

dynamics in LP-1 myeloma cells under chronic acidosis. A) Experimental timeline of MM 

cells exposed to control (Ctrl, pHe 7.4) or short-term acidosis (S.A.), mid-term acidosis 

(M.A.), and long-term acidosis (L.A., pHe 6.8). Schematic created with BioRender.com. B) 

Longitudinal assessment of cellular proliferation via CCK-8 assay demonstrates a biphasic 

adaptive response to chronic acidotic stress. C) Quantification of apoptotic cell populations 

(left) and cell-cycle distribution (center) with corresponding Western blots of major 
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regulatory proteins (right). D) Metabolic profiling via Seahorse XF analysis of OCR (left) and 

ECAR (center). Right: Western blot validation of markers for glucose transport (SLC2A1), 

rate-limiting glycolytic steps (HK2, PFKP, PKM2), pyruvate flux (PDK1, LDH), and lipogenesis 

(FASN) to confirm acidity-driven metabolic remodeling. E) Representative transmission 

electron microscopy (TEM) images (left; 3,500×; scale bar: 500 nm) and quantitative 

morphological analysis of mitochondrial circularity, aspect ratio, roundness, and solidity 

(right) reveal significant structural remodeling upon long-term adaptation. Data presented 

as mean ± SD (N = 4 for apoptosis and cell cycle analysis; N = 3 for other quantitative 

assays). ACTB served as the loading control. Statistical significance was assessed by one-way 

ANOVA followed by Tukey’s multiple comparison test. Comparisons were performed 

between the indicated groups or relative to the control. n.s., not significant (p > 0.05); *p < 

0.05; **p < 0.01; ***p < 0.001. 

 

Figure 2. Genome-wide transcriptional profiling and coordinated pathway modulation 

during progressive acidic adaptation in myeloma cells. A) Differential expression profiling 

using Affymetrix Human Clariom D Assay identified key functional gene sets and canonical 

pathways significantly altered under acidotic stress. The table details the normalized 

enrichment score (NES), p-values, and false discovery rates (FDR) for pairwise comparisons 

between control (Ctrl), short-term acidosis (S.A.), and long-term acidosis (L.A.). B) Dot plot 

visualization of pathway enrichment. The x-axis indicates NES, dot color represents 

significance (-log₁₀ scale, p-value), size denotes the number of core genes, and shape 

indicates the specific comparison group. C) Heatmaps of leading-edge genes within 

significantly modulated Hallmark and Canonical gene sets. Color scale indicates the row Z-

score, illustrating the transcriptional transition from an acute stress response (S.A.) to a 
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stable adaptive state (L.A.).  

 

Figure 3. Genome-wide identification and clinical relevance of the acidotic adaptive 

signature in multiple myeloma. A) Venn diagram of differentially expressed probes across 

control (Ctrl), short-term (S.A.), and long-term (L.A.) acidic pHe conditions. The 178-probe 

intersection represents a core set consistently altered during the adaptation process. B, C) 

Heatmaps of representative upregulated and downregulated genes from the 178-probe 

core set that correlate with poorer overall survival in MM patients. These acid-adaptation 

markers are prominently involved in metabolic/mitochondrial function, cell cycle regulation 

and pro-apoptotic and immune-modulatory pathways; data are shown as row Z-scores. D, E) 

Clinical validation of the acidity-adaptive gene signature using the MMRF-CoMMpass 

dataset. Left panels: Kaplan–Meier curves (log-rank test) for the individual 7 long-term 

acidity-upregulated genes and 4 long-term acidity-downregulated genes. Middle panels: 

Kaplan–Meier curves based on the mean expression of the respective up- and 

downregulated gene sets, demonstrating highly significant risk stratification. Right panels: 

Box plots show progressive dysregulation of these gene set means across MM stages I–III 

(median/IQR shown; whiskers indicate min/max). Statistical significance: one-way ANOVA 

with Tukey’s post-hoc test (**p < 0.01; ***p < 0.001). F) Co-expression landscape of the 11-

gene core signature. Heatmap depicting the Pearson correlation coefficients among the 

signature genes in the MMRF-CoMMpass dataset. Red and blue shading indicates positive 

and negative correlations, respectively. The coherent expression pattern demonstrates the 

internal consistency of the signature as a coordinated molecular module. 

 









 

Supplementary Figure S1. Chronic acidotic stress induces biphasic adaptation, bioenergetic shifts, and 
mitochondrial structural changes in NCI-H929 myeloma cells. A) CCK-8 proliferation profiles 
demonstrating characteristic adaptive growth curves under control (Ctrl, pHe 7.4) or short-term acidosis 

Final_Supplementary_Data_300533



(S.A.), mid-term acidosis (M.A.), and long-term acidosis (L.A., pHe 6.8). B) Analysis of cell death and cycle 
progression. Top: Representative Annexin V/7-AAD flow cytometry plots (left) and quantification of 
apoptotic cell populations (right). Bottom: Cell cycle distribution profiles (left), quantification of cycle 
phases (center), and Western blots of regulatory proteins (right) indicating recovery after initial acidotic 
stress. C) Seahorse XF metabolic analysis showing OCR and ECAR profiles (left) with quantified 
bioenergetic parameters (center). Accompanying panels show glucose uptake and immunoblots of 
glucose transporter (SLC2A1), glycolytic enzymes (HK2, PFKP, PKM2, LDH), and metabolic regulators 
(PDK1, FASN) to illustrate molecular shifts across different acidosis durations; ACTB served as the loading 
control (right). D) Representative TEM imagery (5,000×; scale bar: 500 nm) and mitochondrial 
morphological quantification (circularity, aspect ratio, roundness, and solidity) in control or acid-treated 
cells. Data are presented as mean ± SD (N = 3 for proliferation and metabolic assays; N = 4 for cell death 
and cycle analysis). Statistical significance was determined by one-way ANOVA followed by Tukey’s 
multiple comparison test. Comparisons were performed between the indicated groups or relative to the 
control. n.s., not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001. 

 



 



Supplementary Figure S2. Biphasic response to acidotic stress: from acute cellular crisis and proliferative 
inhibition to sustained metabolic plasticity and clinical relevance. A) Acute stress response and growth 
suppression of LP-1 myeloma cells during initial acidic exposure (Day 1–4). (Top Left) Representative 
Annexin V/7-AAD flow cytometry plots showing stable viability through Day 2 under both conditions, 
followed by a surge in apoptosis at pHe 6.8 by Day 4. (Top Right) Proliferation kinetics comparing pHe 7.4 
and pHe 6.8 groups over the initial 96-hour window. Statistical significance was determined by unpaired t 
test. ***p < 0.001. (Bottom Left) Cell cycle histograms indicating progressive G1-phase arrest with a 
concurrent reduction in the S and G2/M populations over 96 hours. (Bottom Right) Immunoblots of cell 
cycle (CDK1, CCNB1) and metabolic (HK2, PDK1, PKM2, LDH) markers illustrating the immediate molecular 
response to acute acidotic stress. ACTB served as the loading control. B-C) Longitudinal assessment of 
cellular kinetics. Representative flow cytometric plots for Annexin V/7-AAD staining and cell-cycle 
distribution in LP-1 cells under control (Ctrl) or acidotic stress (S.A., M.A., and L.A.) conditions over time. 
D) Quantified bioenergetic parameters from Seahorse XF analysis including respiratory (left) and glycolytic 
(right) metrics. E) Relative glucose uptake percentages confirming metabolic shifts during the transition 
from acute acidotic stress to stable adaptation. F) Clinical validation of the identified acid-adaptive gene 
signature. Progressive expression trajectories of the signature biomarkers across MM disease evolution 
using the datasets GSE6477 (130 samples; normal control, n = 15; MGUS, n = 22; SMM, n = 24; newly 
diagnosed MM, n = 69) and GSE80608 (30 samples; normal control, n = 10; MGUS, n = 10; MM, n = 10). 
An overall consistent pattern is apparent, wherein the majority of long-term acidity-upregulated genes 
exhibit a progressive upward trajectory, with statistically significant elevations validated in key markers in 
overt MM compared to normal or premalignant stages. Conversely, long-term acidity-downregulated 
markers generally display a reciprocal decline across progressive disease stages. Data are presented as 
mean ± SD. Statistical significance was determined by one-way ANOVA followed by Tukey’s multiple 
comparison test. Comparisons were performed between the indicated groups or relative to the control. 
n.s., not significant (p > 0.05); *p < 0.05; **p < 0.01; ***p < 0.001. 



Supplementary Table S1. Identification of the core 106-gene transcriptional signature associated with 
long-term adaptation of multiple myeloma cells to chronic extracellular acidosis. 
 
A) Significantly upregulated protein-coding probes (n = 116). This table is derived from the common core subset 
of 178 probes that were consistently altered across the three LP-1 cell-state comparisons (L.A. vs Ctrl; S.A. vs Ctrl; 
and L.A. vs S.A.; see Figure 3A). It lists a total of 56 protein coding genes (116 probes) that are significantly 
upregulated in the long-term acidic group (L.A., pHe 6.8) compared with the control group (Ctrl, pHe 7.4), defined 
by log2 fold change ≥ 1 and p value < 0.05. These transcripts represent the upregulated component of the core 
transcriptional signature underlying chronic acid adaptation in MM cells. Note: The taxon name field is left blank 
when no name was available. OS.p indicates the statistical significance of overall survival association determined by 
Cox proportional hazards regression analysis. 

ID Gene Symbol Description Log2FC p-value OS.p 

TC0500013316.hg.1 CD180 CD180 molecule 9.530 2.45E-07 9.24E-01 

TC0200016752.hg.1 TTN Titin 6.983 1.83E-06 1.43E-01 

TC1200007626.hg.1 METTL7A Methyltransferase like 7A 6.192 1.18E-07 5.76E-02 

TC0300010943.hg.1 CCR1 Chemokine (C-C motif) receptor 1 5.756 1.86E-06 7.22E-01 

TC0200007804.hg.1 AC008074.4 Novel transcript 4.215 5.36E-07 6.54E-02 

TC0X00010186.hg.1   4.202 2.53E-05  

TC1200011711.hg.1 GNPTAB N-acetylglucosamine-1-phosphate transferase alpha and beta subunits 3.794 2.90E-05 3.53E-02 

TC0200006627.hg.1 ID2 Inhibitor of DNA binding 2 3.741 1.10E-05 1.35E-01 

TC0100009241.hg.1 S1PR1 Sphingosine-1-phosphate receptor 1 3.548 2.48E-04 9.31E-02 

TC1500010422.hg.1 IDH2 Isocitrate dehydrogenase 2 (NADP+) 3.477 1.48E-05 9.08E-02 

TC1000008413.hg.1 AL139340.1  3.126 1.30E-05 7.28E-01 

TC1200006843.hg.1 AC078950.1  3.126 1.30E-05 8.58E-01 

TC1100011778.hg.1 AP002802.1  3.121 8.55E-06 9.94E-01 

TC0500012113.hg.1 mawoby Transcript Identified by AceView 3.115 3.77E-04  

TC0400010785.hg.1 IGFBP7 Insulin like growth factor binding protein 7 3.057 4.71E-04 3.11E-03 

TC0700009668.hg.1 ZBED6CL ZBED6 C-terminal like 2.976 8.09E-06 9.57E-01 

TC0900007720.hg.1 AL133391.1  2.952 3.80E-05 5.71E-01 

TC0X00008620.hg.1 AL109620.1  2.952 3.80E-05 1.10E-01 

TC1000011112.hg.1 AC013738.1  2.951 9.92E-06 9.93E-01 

TC0700011079.hg.1 AC006478.1  2.924 1.28E-05 1.14E-01 

TC2100006982.hg.1 LINC00649 Long intergenic non-protein coding RNA 649 2.881 1.31E-05 1.96E-01 

TC1200010559.hg.1 VDR Vitamin D receptor 2.761 8.18E-06 5.28E-03 

TC1200010794.hg.1 ITGB7 Integrin beta 7 2.723 9.54E-06 5.06E-02 

TC0400012956.hg.1 ELOVL6 ELOVL fatty acid elongase 6 2.715 1.30E-05 2.15E-04 

TC0900011421.hg.1 AL365274.1  2.694 1.64E-05 5.74E-01 

TC1800008925.hg.1 AC027506.1  2.694 1.64E-05 2.58E-01 

TC2000007083.hg.1 ID1 Inhibitor of DNA binding 1 2.527 3.86E-05 9.78E-02 

TC0200010371.hg.1 foswaby Transcript Identified by AceView 2.424 1.78E-03  



TC1700008350.hg.1 NOG Noggin 2.348 7.74E-05 3.39E-01 

TC0400012947.hg.1 GPRIN3 GPRIN family member 3 2.345 3.57E-03 3.55E-01 

TC0200010577.hg.1 ADAM23 ADAM metallopeptidase domain 23 2.329 5.70E-05 3.06E-06 

TC0300007351.hg.1 AC141002.1  2.311 8.87E-05 3.72E-01 

TC0900012154.hg.1 TMEFF1 Transmembrane protein with EGF-like and two follistatin-like domains 1 2.276 9.57E-05 1.67E-01 

TC0900012155.hg.1 MSANTD3-TMEFF1 MSANTD3-TMEFF1 readthrough 2.266 1.04E-04 7.86E-01 

TC0600009291.hg.1   2.256 7.80E-05  

TC0X00010434.hg.1 SLC25A53 Solute carrier family 25 member 53 2.248 1.56E-03 1.99E-03 

TC0100017110.hg.1 FCMR Fc fragment of IgM receptor 2.233 9.11E-04  

TC0700010965.hg.1 IGFBP3 Insulin like growth factor binding protein 3 2.169 9.75E-05 1.31E-01 

TC0300008316.hg.1 PVRL3 Poliovirus receptor-related 3 2.114 1.39E-03 6.26E-01 

TC0400012938.hg.1 RASGEF1B RasGEF domain family member 1B 2.085 3.85E-04 6.01E-01 

TC0200010370.hg.1   2.085 2.87E-04  

TC2200006436.hg.1   2.069 6.05E-04  

TC0300012872.hg.1   2.068 2.34E-04  

TC0300012531.hg.1   2.058 1.02E-04  

TC0500008483.hg.1 SNX24 Sorting nexin 24 2.057 1.12E-04 1.51E-02 

TC0400008725.hg.1 PCDH10 Protocadherin 10 2.028 5.39E-03 1.31E-03 

TC0900010535.hg.1 AL354682.1  2.027 5.56E-05 9.01E-01 

TC0900008238.hg.1 MURC Muscle-related coiled-coil protein 1.992 4.32E-04 2.52E-01 

TC0700010281.hg.1 THSD7A Thrombospondin type 1 domain containing 7A 1.962 1.50E-03 3.07E-01 

TC1100012840.hg.1   1.937 9.72E-05  

TC0900007715.hg.1 LOC105376111 Uncharacterized LOC105376111 1.896 2.13E-03  

TC0500007770.hg.1 FOXD1-AS1 FOXD1 antisense RNA 1 1.888 3.28E-03  

TC0300006466.hg.1   1.885 9.42E-05  

TC0100015866.hg.1 S100A4 S100 calcium binding protein A4 1.849 9.50E-03 2.88E-01 

TC0400012670.hg.1 FAT1 FAT atypical cadherin 1 1.831 1.07E-03 2.40E-03 

TC0800007362.hg.1 PLEKHA2 Pleckstrin homology domain containing family A member 2 1.824 1.20E-04 1.67E-01 

TC1600010951.hg.1 MAF V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog 1.801 2.18E-04 9.73E-01 

TC0900009813.hg.1 AL353783.1  1.790 2.90E-04 6.90E-01 

TC0X00010761.hg.1 AL596243.1  1.790 2.90E-04 4.09E-01 

TC0100013289.hg.1 flawlarbo Transcript Identified by AceView 1.781 2.12E-03  

TC1100009849.hg.1 plargler Transcript Identified by AceView 1.766 9.67E-04  

TC0300008319.hg.1   1.759 9.11E-04  

TC1700006655.hg.1 ENO3 Enolase 3 1.754 4.61E-03 1.26E-01 

TC0800010894.hg.1 HEY1 Hes-related family bHLH transcription factor with YRPW motif 1 1.713 5.55E-03 1.49E-01 

TC0400011487.hg.1   1.691 5.08E-04  

TC0400007147.hg.1   1.679 5.05E-04  



TC0200006725.hg.1 GREB1 Growth regulation by estrogen in breast cancer 1 1.677 1.70E-04 7.55E-02 

TC0700008070.hg.1 starsmawbu Transcript Identified by AceView 1.620 1.15E-02  

TC0800011370.hg.1   1.575 1.58E-02  

TC1100007899.hg.1 RARRES3 Retinoic acid receptor responder 3 1.574 9.68E-04 3.38E-01 

TC1400010433.hg.1   1.543 1.25E-02  

TC0100010672.hg.1 RABGAP1L RAB GTPase activating protein 1-like 1.539 1.94E-03 7.56E-01 

TC1800006632.hg.1 RP11-888D10.4 Novel transcript, sense intronic to ANKRD12 1.536 8.28E-03 7.28E-01 

TC0900006865.hg.1 snerplubu Transcript Identified by AceView 1.505 7.44E-04  

TC1200006995.hg.1 pleyblybu Transcript Identified by AceView 1.473 7.81E-03  

TC0400011578.hg.1 CASP6 Caspase 6 1.456 1.33E-03 2.62E-01 

TC0800009512.hg.1 plybla Transcript Identified by AceView 1.449 4.12E-04  

TC0500007826.hg.1 IQGAP2 IQ motif containing GTPase activating protein 2 1.449 4.30E-04 2.34E-02 

TC0200014597.hg.1 RND3 Rho family GTPase 3 1.443 2.50E-02 1.31E-01 

TC0900010758.hg.1 RP11-305L7.3 Novel transcript 1.432 3.85E-03 1.82E-04 

TC0400011725.hg.1   1.429 1.51E-03  

TC1300007351.hg.1 gleeshorbu Transcript Identified by AceView 1.413 8.16E-03  

TC0500009211.hg.1 CYFIP2 Cytoplasmic FMR1 interacting protein 2 1.408 8.65E-04 1.25E-01 

TC1100007394.hg.1 CD82 CD82 molecule 1.404 6.60E-04 8.96E-01 

TC0X00010512.hg.1 CHRDL1 Chordin-like 1 1.376 8.80E-03 9.03E-02 

TC1000006995.hg.1 COMMD3-BMI1 COMMD3-BMI1 readthrough 1.342 1.91E-03 2.82E-01 

TC0900012219.hg.1 CDKN2A Cyclin-dependent kinase inhibitor 2A 1.318 3.16E-03 6.89E-03 

TC1500010369.hg.1 MFGE8 Milk fat globule-EGF factor 8 protein 1.297 7.97E-03 3.03E-02 

TC1100006929.hg.1 blargloy Transcript Identified by AceView 1.274 6.33E-03  

TC0700007198.hg.1 ANLN Anillin actin binding protein 1.265 1.74E-03 5.72E-06 

TC0100013287.hg.1 E2F2 E2F transcription factor 2 1.240 2.87E-03 2.04E-07 

TC0500011146.hg.1 ENC1 Ectodermal-neural cortex 1 1.237 4.14E-03 3.35E-04 

TC0X00007936.hg.1 CENPI Centromere protein I 1.235 6.05E-03 7.77E-09 

TC1000008646.hg.1 OLMALINC Oligodendrocyte maturation-associated long intergenic non-coding RNA 1.232 1.87E-02 2.78E-01 

TC0300011655.hg.1 jorspaby Transcript Identified by AceView 1.224 2.22E-02  

TC0800012457.hg.1 TMEM65 transmembrane protein 65 1.219 5.96E-03 7.57E-01 

TC0300006465.hg.1 LRRN1 Leucine rich repeat neuronal 1 1.206 2.08E-03 2.84E-01 

TC0100010543.hg.1 ATP1B1 ATPase Na+/K+ transporting beta 1 polypeptide 1.201 1.28E-03 1.12E-01 

TC1100010383.hg.1   1.155 3.08E-03  

TC1100011050.hg.1 FADS1 Fatty acid desaturase 1 1.153 2.88E-03 1.00E-01 

TC2200007496.hg.1 jeybar Transcript Identified by AceView 1.146 1.75E-02  

TC0200012230.hg.1 AC073218.3 Putative novel transcript 1.126 2.21E-02 5.41E-01 

TC1800006841.hg.1 MIB1 Mindbomb E3 ubiquitin protein ligase 1 1.125 2.85E-03 9.65E-02 

TC0500013266.hg.1 HMP19 HMP19 protein 1.106 7.16E-03 5.22E-01 



TC2200009274.hg.1 APOBEC3G Apolipoprotein B mRNA editing enzyme catalytic polypeptide-like 3G 1.099 6.43E-03 4.30E-01 

TC0700008729.hg.1 wyflubu Transcript Identified by AceView 1.076 6.89E-03  

TC0100016386.hg.1 RP1-45C12.1 Novel transcript, antisense to FMO1 1.074 5.98E-03 7.81E-01 

TC0300011654.hg.1 chordybo Transcript Identified by AceView 1.070 2.36E-02  

TC0700007034.hg.1 CREB5 cAMP responsive element binding protein 5 1.062 4.70E-02 4.12E-01 

TC0300009258.hg.1 MME Membrane metallo-endopeptidase 1.060 8.58E-03 1.61E-01 

TC1200008425.hg.1 RP11-796E2.4 Novel transcript, antisense to BTG1 1.047 1.90E-02 9.89E-02 

TC0100014617.hg.1 SLC44A5 Solute carrier family 44 member 5 1.041 8.27E-03 2.80E-01 

TC1800009214.hg.1 NDUFV2 NADH dehydrogenase (ubiquinone) flavoprotein 2 1.032 1.09E-02 5.36E-03 

TC1100012165.hg.1 CASP4 Caspase 4 1.032 2.78E-03 2.27E-02 

TC0200016222.hg.1 HES6 Hes family bHLH transcription factor 6 1.021 6.63E-03 1.11E-01 

TC1100010387.hg.1   1.001 4.30E-02  

 
B) Significantly downregulated protein-coding probes (n = 62). This table is derived from the common core subset 
of 178 probes that were consistently altered across the three LP-1 cell-state comparisons (L.A. vs Ctrl; S.A. vs Ctrl; 
and L.A. vs S.A.; see Figure 3A). It lists a total of 50 protein coding genes (62 probes) that are significantly 
downregulated in the long-term acidic group (L.A., pHe 6.8) compared with the control group (Ctrl, pHe 7.4), defined 
by log2 fold change ≤ -1 and p value < 0.05. These transcripts represent the downregulated component of the core 
transcriptional signature underlying chronic acid adaptation in MM cells. Note: The taxon name field is left blank 
when no name was available. OS.p indicates the statistical significance of overall survival association determined by 
Cox proportional hazards regression analysis. 

ID Gene Symbol Description Log2FC P-value OS.p 

TC0100010310.hg.1 SLAMF7 SLAM family member 7 -7.151 2.60E-08 3.42E-04 

TC1200007881.hg.1 INHBE Inhibin beta E -4.126 9.44E-07 6.40E-02 

TC0100015822.hg.1 S100A11 S100 calcium binding protein A11 -3.309 2.66E-04 7.66E-01 

TC0700012443.hg.1 FEZF1 FEZ family zinc finger 1 -3.006 5.09E-05 1.09E-01 

TC1200011914.hg.1 HVCN1 Hydrogen voltage gated channel 1 -2.619 1.07E-04 5.35E-01 

TC0200008099.hg.1 HK2 Hexokinase 2 -2.585 9.37E-05 1.06E-01 

TC1000009893.hg.1 ITGA8 Integrin alpha 8 -2.404 3.35E-04 7.81E-01 

TC0200008353.hg.1 ANKRD36BP2 Ankyrin repeat domain 36B pseudogene 2 -2.399 4.09E-04 2.59E-03 

TC0800011211.hg.1 NIPAL2 NIPA-like domain containing 2 -2.216 5.68E-05 1.73E-02 

TC1400009402.hg.1 ESR2 Estrogen receptor 2 (ER beta) -2.198 4.80E-04 2.99E-02 

TC0400011732.hg.1 NDNF Neuron-derived neurotrophic factor -2.173 4.83E-04 9.30E-01 

TC1800007014.hg.1 DSG2 Desmoglein 2 -2.162 1.84E-04 2.62E-02 

TC0700008745.hg.1 PRKAR2B Protein kinase cAMP-dependent regulatory type II beta -2.155 6.54E-04 3.75E-01 

TC0300009459.hg.1 GPR160 G protein-coupled receptor 160 -2.149 4.41E-04 8.59E-03 

TC0800008801.hg.1 TRIB1 Tribbles pseudokinase 1 -2.004 9.63E-05 6.24E-01 

TC0100015397.hg.1 CD58 CD58 molecule -1.950 1.89E-03 1.07E-01 

TC1300010032.hg.1 SOHLH2 Spermatogenesis and oogenesis specific basic helix-loop-helix 2 -1.934 1.47E-03 7.12E-01 

TC1800007326.hg.1 ME2 Malic enzyme 2 -1.893 1.05E-04 7.79E-02 

TC1000008482.hg.1 CEP55 Centrosomal protein 55kDa -1.810 1.81E-04 1.33E-06 



TC1500008442.hg.1 NR2F2 Nuclear receptor subfamily 2 group F member 2 -1.794 1.21E-04 2.63E-01 

TC1800006706.hg.1 GNAL Guanine nucleotide binding protein (G protein) -1.715 1.62E-04 9.30E-01 

TC0600011773.hg.1 TREML2 Triggering receptor expressed on myeloid cells-like 2 -1.610 2.29E-04 7.43E-03 

TC2200006517.hg.1 CECR2 Cat eye syndrome chromosome region, candidate 2 -1.582 4.04E-04 6.32E-01 

TC1500006643.hg.1 GABRA5 Gamma-aminobutyric acid (GABA) A receptor alpha 5 -1.541 6.56E-03 1.18E-02 

TC1800007440.hg.1 ZNF532 Zinc finger protein 532 -1.539 1.18E-03 7.36E-02 

TC0100012278.hg.1 SCCPDH Saccharopine dehydrogenase (putative) -1.524 3.58E-03 1.01E-02 

TC0500012870.hg.1 STC2 Stanniocalcin 2 -1.485 1.53E-03 4.35E-02 

TC0X00009205.hg.1 SH3KBP1 SH3-domain kinase binding protein 1 -1.485 2.43E-03 5.63E-02 

TC0200010264.hg.1 MFSD6 Major facilitator superfamily domain containing 6 -1.426 7.82E-04 5.73E-02 

TC1200010145.hg.1 BCAT1 Branched chain amino-acid transaminase 1 -1.425 4.93E-04 6.10E-01 

TC1700011436.hg.1 ERN1 Endoplasmic reticulum to nucleus signaling 1 -1.423 2.99E-03 7.39E-01 

TC1500010886.hg.1 CALML4 Calmodulin-like 4 -1.408 7.07E-04 9.90E-01 

TC1300010031.hg.1 CCDC169-SOHLH2 CCDC169-SOHLH2 readthrough -1.375 1.39E-03 3.76E-01 

TC0100008874.hg.1 PRKACB Protein kinase cAMP-dependent catalytic beta -1.328 6.27E-03 6.89E-01 

TC0800011748.hg.1 skarwarbu Transcript Identified by AceView -1.328 5.87E-03  

TC0300013684.hg.1 TFRC Transferrin receptor -1.310 1.75E-03 7.38E-01 

TC0100015350.hg.1 AMPD1 Adenosine monophosphate deaminase 1 -1.299 1.22E-03 8.66E-01 

TC0100017491.hg.1 ENAH Enabled homolog (Drosophila) -1.294 3.68E-03 4.54E-01 

TC0400011731.hg.1   -1.293 5.09E-03  

TC0400007511.hg.1 DANCR Differentiation antagonizing non-protein coding RNA -1.270 1.50E-03 4.02E-01 

TC0500010540.hg.1 LIFR Leukemia inhibitory factor receptor alpha -1.263 1.07E-03 4.99E-01 

TC0300012718.hg.1 PLOD2 Procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 -1.238 3.88E-03 9.71E-01 

TC0600014236.hg.1 TXNDC5 Thioredoxin domain containing 5 -1.227 1.27E-03 2.15E-01 

TC1000006652.hg.1 PFKFB3 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 -1.212 4.14E-03 8.92E-01 

TC1500010723.hg.1 CHAC1 ChaC glutathione-specific gamma-glutamylcyclotransferase 1 -1.195 3.49E-03 1.10E-01 

TC1000011382.hg.1 PANK1 Pantothenate kinase 1 -1.161 5.88E-03 2.46E-02 

TC1500009109.hg.1 C15orf57 Chromosome 15 open reading frame 57 -1.140 4.68E-03 4.09E-03 

TC0200010410.hg.1 SPATS2L Spermatogenesis associated serine-rich 2-like -1.134 4.86E-03 1.78E-01 

TC1700010183.hg.1   -1.129 5.54E-03  

TC1800007340.hg.1 DCC DCC netrin 1 receptor -1.119 2.53E-03 1.56E-02 

TC1700010798.hg.1 DUSP3 Dual specificity phosphatase 3 -1.115 1.01E-02 3.83E-01 

TC0200013376.hg.1 EIF2AK3 Eukaryotic translation initiation factor 2-alpha kinase 3 -1.113 3.17E-03 1.62E-01 

TC1800008080.hg.1   -1.097 7.49E-03  

TC0100016162.hg.1 B4GALT3 Beta 1,4- galactosyltransferase 3 -1.097 6.59E-03 8.28E-02 

TC0500008309.hg.1 CAMK4 Calcium/calmodulin-dependent protein kinase IV -1.092 3.20E-03 4.73E-01 

TC0900010311.hg.1 FAM27E3 Family with sequence similarity 27 member E3 -1.090 3.47E-02 9.19E-01 

TC2100007402.hg.1 ADARB1 Adenosine deaminase RNA-specific B1 -1.088 2.20E-03 2.10E-01 

TC0200015869.hg.1 AP1S3 Adaptor-related protein complex 1 sigma 3 subunit -1.051 9.33E-03 9.75E-03 

TC0X00007951.hg.1 ARMCX3 Armadillo repeat containing X-linked 3 -1.050 4.77E-03 1.31E-01 



TC1700007216.hg.1 CCDC144CP Coiled-coil domain containing 144C, pseudogene -1.020 2.97E-02 4.77E-01 

TC0700013439.hg.1 BCAP29 B-cell receptor-associated protein 29 -1.010 6.11E-03 7.00E-01 

TC0X00011180.hg.1 RENBP Renin binding protein -1.005 1.99E-02 9.54E-01 

 




