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Supplemental Methods  24 

Clinical laboratory tests 25 

A total of 88 clinical laboratory tests were collected as follows. (i) the percentage of bone marrow blast 26 

in primary APL patients; (ii) 20 routine blood tests, including white blood cell count, neutrophil 27 

percentage, lymphocyte percentage, monocyte percentage, eosinophil percentage, basophil percentage, 28 

neutrophil count, lymphocyte count, monocyte count, eosinophil count, basophil count, red blood count, 29 

haemoglobin, haematocrit, mean cell volume, mean cell haemoglobin, mean cell haemoglobin 30 

concentration, red cell distribution width, platelet count, and mean platelet volume; (iii) 6 coagulation-31 

related tests, including activated partial thromboplastin time, prothrombin time, thrombin time, 32 

fibrinogen, fibrin degradation product, and D-dimer; (iv) 15 biochemical analyses including glucose, 33 

prealbumin, alanine aminotransferase, aspartate aminotransferase, alkaline phosphatase, gamma 34 

glutamyltransferase, total-value bilirubin, direct bilirubin, total protein, albumin, albumin-globulin, 35 

total bile acids, blood urea nitrogen, creatinine, and uric acid; (v) 12 blood lipid tests including 36 

triglyceride, total cholesterol, high-density lipoprotein, low-density lipoprotein, apolipoprotein A, 37 

apolipoprotein B, apolipoprotein E, lipoprotein A, lactate dehydrogenase, complement total, non-38 

esterified fatty acids, and ferritin; (vi) 6 cytokines, such as IL-1β, IL-2R, IL-6, IL-8, IL-10, and tumor 39 

necrosis factor (TNF); (vii) 18 additional biochemical analyses as well as 10 endocrine tests.  40 

Plasma proteome analysis 41 

Plasma sample preparation 42 

To effectively mine plasma proteins that are related to APL progression, we introduced Olink technology. 43 

According to the experimental design, all selected plasma samples were appropriately randomized. All 44 

samples were pooled as a mixed external control to assess potential variation between runs and plates. 45 

In addition, 4 Olink panels were pre-diluted so that the target proteins are in an optimal concentration 46 

range for detection. Samples are diluted according to the ratio in parentheses: Cardiometabolic (1:2025), 47 

Metabolism (1:10), CVD III (1:100), and Development (1:100) Panel. All plasma samples were equally 48 
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mixed as pooled plasma quality control (QC) samples and run in duplicate to evaluate the repeatability 49 

of each run. 50 

Olink proximity extension assays 51 

The main experimental steps include incubation, extension, and amplification, as well as detection. In 52 

total, 12 Olink panels (92 protein assays in each panel) were tested according to the manufacturer’s 53 

instructions (Olink, Uppsala, Sweden), which contained 1077 unique proteins. Briefly, 1 μL of plasma 54 

sample was incubated with a set of probes, and when a pair of matched antibody probes bind to their 55 

target protein, the corresponding DNA labels come into proximity and proximity-dependent DNA 56 

polymerization forms the PCR target sequence. The newly formed DNA molecules are then amplified 57 

and quantified by real-time PCR using the Fluidigm Biomark™ HD system. 58 

Olink data quality control 59 

We imported the raw image files into Fluidigm's real-time PCR Analysis software and used the Olink 60 

NPX Manager to export a Ct values matrix for downstream preprocessing. The Olink data is represented 61 

by an arbitrary unit called Normalized Protein eXpression (NPX), which is on a log2 scale. An estimate 62 

of 1 NPX represents a doubling of the concentration on the unknown original scale. NPX values were 63 

obtained by normalizing Ct values according to extension control, interplate control, and correction 64 

factor. NPX values below the limit of detection (LOD) are considered missing. According to the 65 

manufacturer’s instructions, proteins with >60% missing frequency across all samples were filtered, 66 

leaving 991 unique proteins for downstream statistical analysis. 67 

Differential proteins and functional enrichment analysis  68 

P-values were calculated using a two-sided Wilcoxon Rank Sum test. The adjusted P-value was 69 

corrected by the Benjamini–Hochberg procedure. The difference between the average NPX values of 70 

the two sets of samples was used as the log2 fold change of the protein concentration. Proteins with an 71 

adjusted P-value < 0.05 and an absolute fold change > 1.5 were considered significantly differential 72 

proteins. As our proteomic analysis is based on targeted panels, the statistical significance of enriched 73 

pathways should be treated cautiously; however, relative enrichment is warranted. Functional Gene 74 
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Ontology (GO) terms[1, 2] and KEGG (Kyoto Encyclopedia of Genes and Genomes) pathways [3] were 75 

performed based on the Kolmogorov–Smirnov test using the clusterProfiler (version 3.16.1) R package 76 

[4]. P-values were adjusted by the Benjamini–Hochberg procedure and functional GO/KEGG terms 77 

were considered enriched based on a false discovery rate (FDR) < 0.05. 78 

Plasma metabolome analysis 79 

Chemical materials for untargeted metabolomics 80 

MS-grade water (W6-4), methanol (A456-4), and acetonitrile (A955-4) were purchased from Fischer 81 

Scientific (Morris Plains, NJ, USA). MS-grade acetic acid (45754-100ML-F) was purchased from 82 

Sigma Aldrich (St. Louis, MO, USA). Analytical grade chemical standards were purchased [carnitine 83 

C2:0-d3 (DLM-754-PK), carnitine C16:0-d3 (DLM-1263-0.01), stearic acid C18:0-d3 (DLM-1154-84 

PK), cholic acid CA-d4 (DLM-2611-PK), phenylalanine-d5 (DLM-1258-1)] from Cambridge Isotope 85 

Laboratories (Tewksbury, MA USA) and prepared in methanol solution to measure the limits of 86 

detection (LODs) and linearity. The 5 standards were dissolved into the precipitation solution with a 87 

volume ratio of acetonitrile:methanol = 1:1. The concentration of the 5 standards are 0.16 µg/mL, 0.15 88 

µg/mL, 2.5 µg/mL, 1.85 µg/mL, and 3.61 µg/mL for carnitine C2:0-d3, carnitine C16:0-d3, stearic acid 89 

C18:0-d3, cholic acid CA-d4, and phenylalanine-d5, respectively. 90 

Plasma sample preparation 91 

An aliquot of 50 µL plasma was precipitated by adding 150 μL precipitating reagent and vortexed for 1 92 

minute. The mixture was then placed in a −20 °C refrigerator for 1 hour to improve protein precipitation 93 

efficiency. Precipitated protein was subsequently removed by centrifugation (15,000 rpm, 15 min) at 94 

4 °C. Then, 120 µL of the supernatant was transferred into the screw tube with an insert vial, ready for 95 

further Liquid chromatography(LC)–mass spectrometry (MS) analysis, or stored at −80 °C for later use. 96 

Mixed quality controls (QC) were also processed to analyze the repeatability of samples under the same 97 

processing method. During sampling, a QC sample is inserted into every 10 samples to monitor the 98 

repeatability of the analysis process. Therefore, a total of 45 QCs were collected during the sampling 99 

process. 100 
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LC-MS chromatographic conditions 101 

Reversed-phase high-performance liquid chromatographic (HPLC)-mass spectrometry (MS) separation 102 

was performed using a reversed-phase column (ACQUITY UPLC® HSS T3 1.8μm, 2.1×100mm) 103 

purchased from Waters (Milford, MA, USA). Mobile phases for HPLC consisted of water with 0.1% 104 

formic acid (phase A) and acetonitrile (phase B). Metabolites were eluted from the column at a flow 105 

rate of 0.3 mL/min. A linear 1%–99% phase B gradient was applied over 1.5–16.5 min. The oven and 106 

cooler temperatures were set to 8 °C and 40 °C, respectively. The sample injection volume was 2 µL. 107 

LC-MS data acquisition 108 

Metabolic extracts were analyzed by RPLC–MS in both positive and negative ionization modes. The 109 

ExionLC™ AD coupled with TripleTOF® 6600+ system was operated in information-dependent 110 

acquisition (IDA) scan mode for data acquisition (acquisition range of m/z 40–1,000 for positive mode, 111 

and m/z 50–1,000 for negative mode). The MS/MS spectra of the QC sample were acquired under 112 

different collision energy (35 ± 15 CE) of the top 15 candidate ions. The source conditions were as 113 

follows: Curtain Gas flow (CUR) = 40, Temperature (TEM) = 550 ℃, Ion Source Gas 1 (GS1) = 60, 114 

Ion Source Gas 2 (GS2) = 60, IonSpray Voltage Floating (ISVF) = 5500 for positive mode, and 4500 115 

for negative mode, Declustering Potential (DP) = 60V, Accumulation Time = 0.035s. The resulting mass 116 

spectra were exported into SCIEX OS software (Redwood City, CA, USA) for further processing. 117 

Metabolic feature detection and retention time correction 118 

The raw MS metabolic data (wiff format) were converted to mzXML and mgf formats by using 119 

ProteoWizard software (version 3.0.210) [5]. We set the Peak Picking msLevel parameter equal to 120 

TRUE to reduce the file size after conversion. For all QCs and samples, raw data were then processed 121 

for peak detection, retention time correction, and chromatogram alignment by xcms R package [6, 7]. 122 

Parameter settings for xcms processing of our reverse-phase LC-MS data were as follows: centWave 123 

for feature detection (Δ m/z = 15 ppm, snthr = 6, minimum peak width = 5 s, and maximum peak width 124 

= 40 s); obiwarp settings for retention-time correction (profStep = 1); and parameters for chromatogram 125 

alignment, including mzwid = 0.015, minfrac = 0.5, and bw = 5. The relative quantification of 126 
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metabolite features was based on EIC (extracted ion chromatogram) areas.  127 

Metabolic feature identification 128 

Metabolite identification was performed using three approaches. For in-house database searching, all 129 

45 QCs were firstly quantitatively processed against our in-house metabolite library, which contains 130 

650 chemical standards compound lists. Parameter settings for quantitative processing were as follows: 131 

integration algorithm = MQ4, XIC width = 0.02 Da, RT half window = 30 seconds, minimum peak 132 

width = 3 points, and S/N integration threshold = 3. A smart confirmation search was used for the 133 

qualitative library search. We selected the top 5 peaks and manually inspected the retention time for all 134 

in-house compounds based on the m/z, MS1, and MS2 results. After that, all metabolomic features of 135 

all samples were extracted with a unique mass/charge ratio and retention time identified by QCs, and 136 

then aligned, quantified, and manually corrected with the SCIEX OS software (Redwood City, CA, 137 

USA). For public database searching, using the metabolic features table generated by xcms software, 138 

the metabolic features, and MS/MS spectra were matched according to their accurate masses (±25 ppm), 139 

and RT values (±30 s). The generated MS1/MS2 pairs were automatically searched in the public 140 

databases by using the metID R package (version 0.4.1)[8]: HMDB (http://www.hmdb.ca/), MoNA 141 

(http://mona.fiehnlab.ucdavis.edu/), and MassBank (http://www.massbank.jp/). All above libraries give 142 

an MSI[9] level 2 identification. The MS/MS spectra similarity score cutoff was set as 0.5. Thirdly, the 143 

metabolic peaks with MS/MS spectra that were not matched in public databases were analyzed by the 144 

structural similarities algorithm MetDNA [10], which gives an MSI[9] level 4 identification.  145 

Metabolic data processing 146 

We combined all the above positive and negative results, and filtered the metabolites according to the 147 

following criteria: (i) for a given metabolic feature identified in both positive and negative modes by 148 

metID, we preferentially retain substances with a high mz.match.score; (ii) for a given metabolic feature 149 

identified in both positive and negative modes by metDNA, we preferentially retain substances with a 150 

high score; (iii) when a given metabolic feature was matched differently between different methods, we 151 

choose the matching based on the identification level: AB Sciex > metID > MetDNA. We then removed 152 

all metabolites that were quantified in less than 30% of the samples and replaced the missing value with 153 
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1/5 of the minimum positive value of each feature. To minimize the impact of batch effects in our bulk 154 

metabolomics data, we applied systematic error removal using the random forest (SERRF) algorithm[11] 155 

for batch corrections.  156 

Differential metabolites and pathway enrichment analysis 157 

The processed matrix was extracted and imported into limma (version 3.48.0) R package [12] for 158 

calculating significantly altered metabolic features/compounds. We define significant differential 159 

metabolites as absolute fold change > 1.5 and adjusted P-value < 0.05. We utilized MetaboAnalystR 160 

(version 3.0.3) [13] to perform the metabolite set enrichment analysis as well as metabolic pathway 161 

analysis on metabolites [2], and relatively enriched metabolic pathways (P-value < 0.1) were extracted. 162 

The Enrichment ratio is computed by the number of hits within a particular metabolic pathway divided 163 

by the expected number of hits. The larger the enrichment ratio, the bigger degree of the enrichment. 164 

Experimental validation 165 

Cell culture, treatment, and transient transfections 166 

NB4 and U937-PR9 cells were routinely cultured in RPMI-1640 (Gibco, Carlsbad, CA, USA) 167 

supplemented with 10% of fetal bovine serum (FBS) (Gibco). The cell lines were maintained in a 168 

humidified atmosphere at 37°C with 5% CO2. U937-PR9 cells were treated with 100 μM of ZnSO4. 169 

Transfection of cells with plasmids was carried out using jetPRIME® (101000046, Poly plus) 170 

transfection reagent according to the manufacturer’s instructions. The primer sequence used for shRNA 171 

construction of PML/RARA was as follows: forward primer 5'- 172 

GATCCGGGCAGCCATTGAGACCCAGATTCAAGAGATCTGGGTCTCAATGGCTGCCTTTTT173 

TG and reverse primer 5'- 174 

AATTCAAAAAAGGCAGCCATTGAGACCCAGATCTCTTGAATCTGGGTCTCAATGGCTGCC175 

CG. 176 

Antibodies  177 

The following antibodies were used: anti-PML/RARA (A7525, ABclonal Technology), anti-ADA (sc-178 

376889, Santa Cruz Biotechnology), anti-ACTB (8457, Cell Signaling Technology).  179 
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RNA extraction, reverse transcription, and RT-qPCR  180 

Total RNA was extracted using the RNA Easy Fast Tissue/Cell Kit (DP451, TIANGEN BIOTECH) 181 

according to the manufacturer’s instructions. Then, 1 μg of total RNA was reverse transcribed into 182 

cDNA using the PrimeScript TM RT reagent Kit with gDNA Eraser (Perfect Real Time) (RR047A, 183 

Takara). RT-qPCR was conducted using the SuperReal PreMix Plus (FP205, TIANGEN BIOTECH) 184 

on the ABI ViiA 7 Real-Time PCR System. The relative expression level of each gene was calculated 185 

as 2-△△Ct with ACTB serving as an internal control. The primer sequence used for ADA was as 186 

follows: forward primer 5'-CACCAGCCCAACTGGTCC and reverse primer 5'-187 

TCTCATCTCCAGCCAGGTCA. The primer sequence used for ACTB was as follows: forward primer 188 

5'- ATGTGGCCGAGGACTTTGATT and reverse primer 5'-AGTGGGGTGGCTTTTAGGATG. 189 

Western blotting  190 

Cells were lysed in ice-cold RIPA lysis buffer containing protease inhibitor cocktail (4693132001, 191 

Roche) following the manufacturer’s instructions. Protein quantification was performed using the 192 

Omni-Easy™ Instant BCA Protein Assay Kit (ZJ102, Epizyme Biomedical Technology). Proteins were 193 

separated by SDS- PAGE, transferred to PVDF membranes, blocked with 5% fat-free dry milk in TBST, 194 

and immunoblotted with primary antibodies overnight at 4◦C. The following day, the membranes were 195 

incubated with second antibodies at room temperature for 1 hour. The protein bands were detected by 196 

enhanced chemiluminescence.  197 

Adenosine deaminase activity detection 198 

An adenosine deaminase (ADA) activity assay was performed in a 96-well plate according to the 199 

manufacturer’s protocol (ab204695, Abcam). The 96-well plate was read at Ex/Em = 535/587 nm as a 200 

kinetic curve for 30 min. ADA activity was obtained by interpolation in an inosine standard curve 201 

performed in parallel in the same plate. Enzymatic activity was normalized to the amount of protein. 202 

ELISA 203 

ARG1 concentrations were measured using a specific ELISA kit (EK1316, Multisciences (Lianke) 204 

Biotech), according to the manufacturer’s instructions.  205 
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249 

Figure S1. Clinical and laboratory characteristics of primary APL. 250 

(A) Violin plot of a subset of routine blood tests, including white blood cell count, red blood cell count, 251 

and platelet counts. (B) Violin plot of a subset of coagulation tests, including fibrinogen, fibrin 252 

degradation product, and d-dimer. (C) Violin plot of lactate dehydrogenase, ferritin, and vitamin b12. 253 

The dotted horizonal purple line indicate the lower and upper limits of the reference range for each 254 

clinical parameter. DX, primary APL; CR, complete remission; HC, healthy controls. P-value is 255 

calculated using the Wilcoxon test and corrected for multiple-hypothesis testing with Benjamini-256 

Figure S1
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Hochberg method. * Padj < 0.05, ** Padj < 0.01, *** Padj < 0.001, **** Padj < 0.0001; ns, not significant.  257 
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258 

Figure S2. Quality assessments for plasma proteome and metabolome data. 259 

Figure S2
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(A) The PCA plot of different sample groups from the proteome layer. The purple dots represent two 260 

quality control (QC, equal mixture of all the samples) samples. (B) Venn diagram of the intersection 261 

number of differential proteins between DX vs. CR and DX vs. HC comparisons. (C) Log2 fold-change 262 

of plasm proteins in DX vs. CR (x-axis) and DX vs. HC (y-axis) comparisons. Significant changes at 263 

DX vs. CR (in blue), DX vs. HC (in cyan), and both levels (in red) are highlighted. (D) Significant GO 264 

enriched terms of PDPs in high-risk vs. standard-risk at DX stage. (E) The concentration of plasma 265 

ARG1 measured by ELISA in paired DX and CR subjects (n = 5). (F) The number of metabolites 266 

identified in untargeted HPLC-MS/MS analysis (upper panel; including both positive and negative ion 267 

detection modes) and the detailed number of metabolites identified by metDNA, MoNA, MassBank, 268 

HMDB public databases, and local AB Sciex library (lower panel). (G) Density distribution of pairwise 269 

calculation of Spearman’s correlation coefficients among 45 longitudinal benchmark QC samples. The 270 

quantification repeatability of 45 benchmark QC samples shows the robust and accurate metabolome 271 

platform. (H) Differentially metabolites between DX vs. CR, DX vs. HC, and CR vs. HC comparison 272 

groups. Each point represents a metabolite. All metabolites were ordered by the level of log2 fold-273 

change from low to high. DX, primary APL; CR, complete remission; HC, healthy controls; PDP, 274 

proteins with different plasma levels; QC, quality controls. Neg, negative mode; Pos, positive mode.  275 
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276 

Figure S3. Functional enrichment results of differential proteins/metabolites of the top 12 APL 277 

perturbed communities. 278 

(A) Distribution of vertex counts in the top 12 communities from the primary APL correlation networks. 279 

Figure S3
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(B) Distribution of edge counts in the top 12 communities from the primary APL correlation networks. 280 

(C) GO and KEGG functional enrichment results of plasma proteins in the top 12 communities (node 281 

degree ≥ 10 or vertex count ≥ 12) from the primary APL correlation network. Texts colored in bold-red 282 

represent leukocyte migration-related GO terms, and texts colored in bold-blue represent immunity-283 

response-related GO terms. (D) MSEA results of plasma metabolites in the top 12 communities from 284 

the primary APL correlation network. MSEA, metabolite set enrichment analysis. Underlined texts 285 

represent amino acid metabolisms-related terms. Text colored in bold-blue indicates nucleotide 286 

metabolism-related terms. Text colored in bold-blue indicates lipid metabolism-related terms.  287 
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288 

Figure S4. Detailed change trend of APL-derived factors and PML/RARA targets. 289 

(A) Detailed change trend of the 32 APL expressionhigh/plasma proteinhigh factors and 6 290 

expressionlow/plasma proteinlow factors in each community. (B) Detailed change trend of 23 PML/RARA 291 

Figure S4
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(PR) ChIP-seq nearest genes in DX vs. CR (Olink data), DX vs. HC (Olink data), APL vs. PM 292 

(Microarray data), APL vs. BMMC (RNA-seq data), APL vs. oAML (Microarray data); 12 of these 293 

were significant in DX vs. CR comparison, including 7 increased and 5 decreased proteins. (C) Protein-294 

protein interaction (PPI) network of 80 PML/RARA targets from C1 to C12 community in DX vs. CR 295 

comparison. The node color intensities (red: increased, blue: decreased) depict the log2 fold-change 296 

between DX and CR. The node size indicates the log10 adjusted P-value between DX vs. CR. The edges 297 

widths were weighted by the interaction strengths from the STRING database. (D) PPI network of the 298 

80 PML/RARA targets (were within C1 to C12 communities) in DX vs. HC comparison. The node 299 

color intensities (red: increased, blue: decreased) depict the log2 fold-change between DX and HC. The 300 

node size indicates the log10 adjusted P-value between DX vs. HC. The edges widths were weighted by 301 

the interaction strengths from the STRING database. DX, primary APL; CR, complete remission; HC, 302 

healthy controls; PM, normal promyelocytes; BMMC, bone marrow mononuclear cells; oAML, other 303 

types of AMLs.  304 
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 305 

Figure S5. PML/RARA up-regulates adenosine deaminase (ADA) expression and activity.  306 

(A) Western blot analysis was performed to assess the expression levels of PML/RARA and ADA 307 

following PML/RARA shRNA transfection in the NB4 cell line and ZnSO4 treatment of U937-PR9 cell 308 

line. (B) The mRNA levels of ADA were validated using RT-qPCR in NB4 and U937-PR9 cell lines. 309 

(C) The ADA activity was measured in NB4 and U937-PR9 cell lines. 310 

0.0

0.5

1.0

1.5

2.0

R
e

la
ti
v
e

 A
D

A
 m

R
N

A
 e

x
p

re
s
s
io

n

Ctrl

shPR

***

NB4

0.0

0.5

1.0

1.5

2.0

R
e

la
ti
v
e

 A
D

A
 m

R
N

A
 e

x
p

re
s
s
io

n

Ctrl

ZnSO
4

***

PR9

NB4 PR9

Ctrl shPR Ctrl ZnSO
4

PML/RARA

ADA

ACTB

A B

C

Figure S5

100

150

200

250

300

PR9

A
D

A
 a

c
ti
v
it
y
 (

p
m

o
l/
m

in
/µ

g
) Ctrl

ZnSO
4

*

0 0

200

400

600

800

A
D

A
 a

c
ti
v
it
y
 (

p
m

o
l/
m

in
/µ

g
)

NB4

Ctrl

shPR

*



 

19 

311 

Figure S6. Representative GSEA plot of metabolomic pathways in APL at diagnosis vs. normal healthy 312 

bone marrow mononuclear cells (BMMC) by RNA-seq data.   313 
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 314 

Figure S7. Representative top communities in CR vs. HC comparison. 315 

Representative top communities (hub node degree ≥ 10) in CR (A) and HC (B). CR, complete remission; 316 

HC, healthy controls.  317 
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Table S1. Clinical characteristics of the entire APL and healthy control cohorts. 318 

Table S2. Differentially proteins/genes in Olink DX vs. CR, DX vs. HC, CR vs. HC, APL vs. PM, APL 319 

vs. BMMC, and HR vs. SR comparisons. 320 

Table S3. Enriched GO and KEGG terms for DX vs. CR proteins with different plasma levels (PDPs) 321 

clusters. 322 

Table S4. Differentially metabolites in DX vs. CR, DX vs. HC, CR vs. HC, and HR vs. SR comparisons. 323 

Table S5. Enriched KEGG and SMPDB metabolic pathways of differential metabolites for DX vs. CR, 324 

DX vs. HC, and CR vs. HC comparisons. 325 

Table S6. Complete cross-sectional correlation network in primary APL (DX), complete remission (CR) 326 

APL, and healthy controls (HC) networks. 327 

Table S7. All enriched GO and KEGG terms of plasma proteins in the top 12 communities from the 328 

primary APL correlation network. 329 

Table S8. All enriched KEGG and SMPDB results of plasma metabolites in the top 12 communities 330 

from the primary APL correlation network. 331 

Table S9. Community types and degrees of nodes in the primary APL (DX), complete remission (CR) 332 

APL, and healthy controls (HC) networks. 333 

Table S10. Enriched GO terms for CR vs. HC proteins with different plasma levels (PDPs). 334 


