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Purpose: The study was constructed for investigating the serum expression levels of ATIC with multiple myeloma (MM) patients and
its potential clinical value as a biomarker, and analyzing its association with disease stage, treatment response, genetic characteristics
and prognosis.

Patients and Methods: The serum concentrations of ATIC were assessed in 186 MM patients and 201 healthy controls via ELISA,
and the diagnostic efficacy was evaluated through ROC curve analysis. Correlation analysis was conducted based on clinical
parameters, including common comorbidities, clinical stages, laboratory indicators, disease status, treatment response level, and
pathological characteristics. The prognostic relevance of serum ATIC levels in MM patients was assessed using Kaplan—Meier survival
analysis.

Results: Serum ATIC levels showed a significant upregulated in MM patients (median = 38.26 ng/mL) compared to healthy controls
group (median = 16.98 ng/mL) (p < 0.0001). Newly diagnosed MM (NDMM) patients showed higher ATIC levels (median = 46.73
ng/mL). Results from ROC curve analysis showed that ATIC had a good diagnostic performance (AUC = 0.720, p < 0.0001). ATIC
levels decreased with treatment response, and the Remission Group (R group) exhibited a notable decrease than the Active Disease
Group (AD group) (p < 0.05). Higher R-ISS staging was associated with elevated ATIC levels (p < 0.05). Positive correlations were
found between serum ATIC levels and ESR (p = 0.029), f2-MG (p = 0.035), GLO (p = 0.044), UA (p = 0.037), abnormal FISH results
(p = 0.02), as well as poor prognosis. Notably, MM patients with diabetes had lower ATIC levels than those without diabetes (p =
0.004).

Conclusion: This study found that serum ATIC expression levels were significantly upregulated in MM patients, which is closely
related to comorbidities, disease progression, renal dysfunction, and poor prognosis.
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Introduction

Multiple myeloma (MM) represents a neoplastic disorder originating from mature B-cells. It’s also called plasmacytoma.
It starts from a precancerous state named monoclonal gammaglobulinopathy of undetermined significance (MGUS).
Then, it develops gradually into smoldering multiple myeloma (SMM). Finally, it turns into symptomatic myeloma.' In
symptomatic myeloma, clonal plasma cells multiply. These cells make monoclonal immunoglobulins and invade the

bone marrow. This causes bone pain, bone destruction, anemia, kidney problems, and immune system abnormalities.>
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MM constitutes around 1% of all cancer cases and 10% of hematological malignancies.® Annually, the United States sees
around 35,000 new diagnoses, and almost 13,000 patients succumb to the disease each year.* The latest GBD database®
shows that although advances in diagnostic and therapeutic techniques have slowed down the overall increase® in the
burden of MM over the past decade,” the global burden of MM is still significant,® and the relapsed-refractory multiple
myeloma (RRMM) remains a significant clinical challenge and unresolved problem.” Therefore, it is crucial and urgent to
actively explore the pathogenesis of MM and to seek potential strategies for the prevention and treatment of MM.

5-Aminoimidazole-4-carboxamide nucleotide formyl transferase/inosine cyclisation hydrolase (AICARFT/IMPCH,
ATIC) serves as a crucial bifunctional enzyme'® responsible for catalyzing the two final steps of the purine synthesis
pathway.'' Emerging studies have shown that blocking ATIC activity effectively halts tumor cell growth, suggesting its
utility as a promising cancer therapeutic target.'? Previous studies have linked the ATIC gene to a variety of cancers, and
it has been suggested to be a promoter gene for hepatocellular carcinoma,'® lung adenocarcinoma'® and other types of
cancer. In addition, our previous study have shown that ATIC overexpression correlated with unfavorable prognosis in
multiple myeloma and may function as an individual predictor of survival status,'® and its genetic polymorphisms were
significantly associated with reduced risk of multiple myeloma.'®

However, there is a gap in the research regarding the expression levels of serum ATIC in patients with MM. This
study provides insights into the clinical significance of ATIC, extending from the comparison of expression levels in sera
of different populations to the relationship with different clinical features and therapeutic responses, with the aim of
providing informative support for ATIC as a diagnostic and therapeutic target for MM.

Materials and Methods

Selection of Patients for the Study

This study comprised 387 subjects, 186 MM patients hospitalized in the Hematology Department of the First Affiliated
Hospital of Guangxi Medical University from October 2021 to September 2024, and 201 healthy controls. Blood
specimens were obtained from the above participants. All participants enrolled in this study complied with the
National Comprehensive Cancer Network (NCCN) guidelines.'® Exclusion criteria included patients with: (1) Active
infections with HIV, HBV, or HCV; (2) Concomitant hematological malignancies or diseases; (3) Previous or current
neoplastic conditions. MM patients were staged using the Revised International Staging System (R-ISS), the
International Staging System (ISS) and the Durie-Salmon System (DS). This study recruited 201 healthy individuals
as a control group with no previous anemia, inflammation, or tumor history. The clinical information of all the
individuals participated in this experiment are shown in Table 1.

Table | Clinical Characteristics of the Patients with MM and the Healthy Controls

Clinical Features MM (n = 186) | Healthy Control (n = 201) | P value
Gender, n (%)
Male 99(53.2) 102(50.7) 0.626
Female 87(46.8) 99(49.3)
Age, n (%)
< 60y 86(46.2) 92(45.8)
> 60y 100(53.8) 109(54.2)
Age, mean * SD (years) 60.03+9.74 57.84+12.68 0.269
Laboratory indices, mean + SD
Hb (g/L) 96.62+25.08
HCT 0.29+0.08
PLT (109/L) 184.25+98.57
ESR (mm/h) 58.78+47.78
(Continued)
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Table | (Continued).

Clinical Features MM (n = 186) | Healthy Control (n = 201) | P value
Ca (mmol/L) 2.18+0.26
Cr (umol/L) 130.17£179.82
CrCl (mL/min) 68.55+£28.95
UA (umol/L) 360.12+147.09
BUN (mmol/L) 746591
Alb (g/L) 34.8948.11
GLO (g/L) 40.22+25.52
B2-MG (ug/mL) 6.13+5.10
LDH (U/L) 199.08+102.74
Plasma cells, No. (%)

<30% 93(50.0)
230% 39(20.97)
Durie-Salmon stage, No. (%)

| 4(2.15)

1l 15(8.06)

1] 156(83.87)
R-ISS stage, No. (%)

| 15(8.06)

1l 48(25.80)

1] 67(36.02)
ISS stage, No. (%)

| 14(7.53)

1l 44(23.66)

1] 99(53.22)
Fluorescence In Situ Hybridization (FISH), No. (%)

Normal 29(15.60)
Abnormal 105(56.45)
Extramedullary infiltration (EMI), No. (%)

Without EMI 135(72.58)
With EMI 34(18.28)
Lightchain, No. (%)

K 110(59.14)

A 67(36.02)
Nonsecretory 10(5.38)

Abbreviations: Hb, hemoglobin; PLT, Platelet; ESR, erythrocyte sedimentation rate; Ca, calcium; Cr, creatinine; Ccr, endogenous
creatinine clearance rate; UA, uric acid; BUN, blood urea nitrogen; Alb, albumin; GLO, Globulin; $2-MG, B2-microglobulin; LDH, lactate
dehydrogenase; R-ISS, Revised International Staging System; MM, multiple myeloma; SD, standard deviation.

Ethical approval for this study was obtained (2025-E0267). The study’s purpose, procedures, benefits, risks, and
potential inconveniences were communicated to the participants, and they consented to participate by signing a written
agreement.

Data Collection from Study Subjects

To assess disease status and organ function, most participants underwent a panel of laboratory and histologic tests.
Laboratory analyses included total calcium and renal function markers (uric acid, serum creatinine, creatinine clearance,
urea nitrogen), erythrocyte sedimentation rate (ESR), blood counts (Hgb, Hct, PLT), LDH, serum and urinary protein
profiles. Protein testing involved electrophoresis, immunofixation, and light-chain assays for ALB, GLO, B2M,
M-protein, and sFLC. Bone marrow samples were analyzed via cytomyelogram to determine plasma cell percentage.
For nonsame-day testing, retrospective analysis was performed within 1 month for laboratory results and 6 months for
histologic reports. In addition, serum expression of ATIC was evaluated according to age, sex, presence of
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extramedullary infiltration, disease status, different disease stages (DS, ISS, R-ISS) and cytogenetic risk classification, as
well as presence of comorbidities (hypertension, hyperglycemia, hyperuricemia), and whether or not stem cell trans-
plantation had been performed. To facilitate the comparison of progression-free survival (PFS) between different levels
of serum ATIC, MM patients were stratified into two groups according to the critical value derived from the ROC curve

analysis.

Measurement of ATIC Immunoreactivity by ELISA

An ELISA-based quantification of ATIC levels in clinical samples was carried out using a sandwich-type assay kit
(Human ATIC ELISA Kit, Jiangsu Enzyme Immunity Industry Co., Ltd, Jiangsu, China). The following protocol adhered
strictly to the manufacturer’s guidelines. First, we let frozen samples and reagents warm up to room temperature. Then,
we added 50 pL of diluted ATIC standards and pre-diluted serum samples in duplicate to pre-coated 96-well plates. We
filled blank wells with sample diluent. Next, each well was added with 100 pL of horseradish peroxidase conjugate, and
the plates were incubated at 37°C in the dark for 60 minutes. After that, each well was washed five times with 300 pL of
washing solution. Subsequently, each reaction well was successively added with 50 uL. of chromogen A and B, and then
placed in a 37°C incubator and protected from light for 15 minutes. Upon reaching the desired color, 50 pL of the stop
solution was introduced, and the OD value was assessed at 450 nm within a 15-minute time utilizing a Multiskan GO
full-wavelength microplate reader (Thermo Fisher Scientific, Shanghai). The concentration was calculated based on the
direct proportionality between the OD value and the ATIC content, and invalid data were excluded according to the

range.

Statistical Analysis

The MedCalc 20.0 Windows program, IBM SPSS Statistics 25.0 Windows program and GraphPad Prism version 9.0
Windows program were used for the statistical analysis. Firstly, subjects were stratified according to the clinical decision
levels of laboratory indicators. Subsequently, descriptive analyses were performed for both high-level and low-level
groups to determine the normality of the sample distribution. Group comparisons were conducted utilizing appropriate
statistical tests based on dataset characteristics. The unpaired ¢-test, Mann—Whitney U-test, one-way ANOVA, or
Kruskal-Walli’s test was selected according to the number of groups, data distribution (normal/non-normal), and variable
type (dependent/independent). For normally distributed groups with unequal variances, Welch’s or Geisser—Greenhouse
corrections were applied. Secondly, correlation analyses were conducted between ATIC values in the patient group and
each laboratory indicator. Correlations between parameters were assessed using Pearson (for normal distribution) and
Spearman (for non-normal distribution) tests. To account for multiple testing, we applied the Holm—Bonferroni method
for pairwise group comparisons. Adjusted P (or q) value <0.05 was considered significant. Receiver operating char-
acteristic (ROC) curve analysis evaluated the diagnostic performance of the ATIC ELISA, determining sensitivity,
specificity, and optimal cut-off values. In all statistical analyses, P < 0.05 was considered significant.

Result
Serum ATIC Levels in MM Patients versus Healthy Controls

In accordance with the inclusion and exclusion criteria, a total of 186 MM patients and 201 healthy individuals were
enrolled in this study. Notably, the MM group (n = 186, median = 38.26 ng/mL) exhibited significantly elevated
endogenous serum ATIC levels when compared with the healthy control group (C) (n = 201, median = 16.98 ng/mL).
(Figure 1A).

Among the 186 patients included, 32 were newly diagnosed MM (NDMM) patients who had not been treated. In
contrast to the healthy controls, serum ATIC expression levels in NDMM patients (n = 32, median = 46.57 ng/mL) were
higher (p < 0.0001) (Figure 1B).

136 htps: Blood and Lymphatic Cancer: Targets and Therapy 2025:15



Gu et al

A % %k %k *k B
~ 50- ,_g 60— k %k %k k
s == 5
e 40- £ L
0 % 40
o 304
3 3
O 204 o
4 = |
|<—( ; 20
104
5 10 5
) [}]
® oA : ® oA :
C MM C NDMM

Figure | (A) The serum ATIC levels in the multiple myeloma (MM) patients and healthy controls (C). The healthy control group (C): n=201, median =16.98 ng/mL. The MM
group: n=186, median = 38.26 ng/mL. (**** p < 0.0001). The Mann-Whitney U-test was used for statistical analysis. (B) The serum ATIC levels in the NDMM patients and
healthy controls (C). The newly diagnosed MM group (NDMM): n=32, median=46.57ng/mL. (**** p < 0.0001). The Mann—Whitney U-test was used for statistical analysis.

The Diagnostic Efficacy of Serum ATIC Level as a Biomarker for MM

Serum ATIC values from 186 MM patients and 201 healthy controls were incorporated into ROC curve analysis, and the
area under the curve (AUC) was 0.720. The results also showed a 95% confidence interval of 0.673—0.764, with p <
0.0001 (Figure 2), it indicated that ATIC has a good diagnostic performance for MM. Based on the highest Youden index,
when the ATIC cutoff value was set at 26.5492 ng/mL, the diagnostic sensitivity of MM reached 77.4% and specificity
is 67.7%.
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Figure 2 The receiver operating characteristic (ROC) curve analysis of the serum ATIC levels in MM and healthy controls.
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Table 2 The Serum ATIC Levels in Relation to the Comorbidities. The Mann—Whitney U Was Used for the
Statistical Analysis

Parameters Patient Groups | Number of Patients (n) | ATIC Level: Median (range) (ng/mL) | P value
Diabetes mellitus Diabetic 22 28.20(2.82-85.42) 0.004*
Non-diabetic 164 40.80(5.87-155.92)

Hypertension Hypertensive 6l 38.11(5.75-112.390 0.887

Non-hypertensive 125 38.46(2.82-155.92)

Note: *P < 0.05.

Serum ATIC Levels in Relation to Comorbidities of MM Patients

We found no statistical differences in either gender or age between the patient group and the healthy control group
(Table 1). Furthermore, we also analyzed the relationship between ATIC levels and MM comorbidities. The results
showed that compared with non-diabetic MM patients (median: 40.80 ng/mL), the serum ATIC level of diabetes MM
patients (median: 28.20 ng/mL) was significantly lower (p = 0.004), indicating that there is a potential association
between MM patients comorbid diabetes and those with decreased ATIC expression levels. However, no correlation was
observed between ATIC expression and hypertension in MM patients (p = 0.887) (Table 2).

Serum ATIC Levels in Relation to Staging of MM Patients

According to the recommendations of the IMWG for the staging and risk classification of MM, DS, ISS, and R-ISS
staging system were compared for MM patients. For the RISS, we formed three groups in relation to the stages of MM.
As shown in the Table 3, the ATIC levels increased progressively in the higher stages (p = 0.004), with RISS Stage I (n =
15, mean: 31.63 £ 17.48 ng/mL), Stage II (n = 51, mean: 40.40 + 18.99 ng/mL, Stage III: n = 67, mean: 51.14 £ 26.92
ng/mL). Significant differences were found between the ATIC levels of Stage I and Stage III (p = 0.0118) and between
Stage II and Stage III patients (p = 0.0220) (Figure 3). However, no significant stage-dependent variations in ATIC
expression were noted for DS and ISS classifications (p > 0.05) (Table 3).

Serum ATIC Levels in Relation to Current Disease Status of MM Patients

According to the response to treatment, previously treated MM individuals were divided into the Active Disease Cohort
(AD) and the Remission Cohort (R). The AD cohort included all patients with refractory or progressive diseases who
received treatment, along with those experiencing relapse after prior symptom relief (n = 77, mean: 44.86 + 24.23ng/
mL). The R cohort includes individuals who achieved PR (partial remission), VGPR (very good partial remission), CR

Table 3 The Serum ATIC Levels in Relation to Stage and Risk Stratification

Tested Parameters | Patient Groups | Number of Patients (n) | ATIC Level: MeantSD (ng/mL) | P value
DS Stage | 4 37.06+35.39 0.932
Stage Il 15 45.82+33.85
Stage llI 156 42.58+21.69
ISS Stage | 14 36.42+16.77 0.734
Stage I 44 44.60+27.09
Stage IlI 99 42.68+20.67
RISS Stage | 15 31.63+17.48 0.004*
Stage Il 51 40.40+18.99
Stage IlI 67 51.14£26.92

Notes: Kruskal Wallis Test and One-away ANOVA were used for the statistical analysis. *P < 0.05.
Abbreviations: DS, Durie-Salmon; ISS, International Staging System; R-ISS, Revised International Staging System.
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Figure 3 The serum ATIC levels in relation to stages of the Revised International Staging System (RISS) of MM patients. The box plot diagram represents the interquartile
range and median values. Whiskers indicate the most extreme observations. The individual values are presented with black dots (Stage (I) n = 15, mean: 31.63 * 17.48 ng/

mL), squares (Stage Il: n = 51, mean: 40.40 * 18.99 ng/mL), and triangles (Stage Ill: n = 67, mean: 51.14 * 26.92 ng/mL). Kruskal-Wallis Test with Dunn’s was used for the
statistical analysis. (* p <0.05).

(complete remission) and MRD negative (minimal residual disease negative activity) during therapy (n = 69, mean: 35.47
+ 18.10 ng/mL). Notably, our study showed that the R cohort had significantly lower ATIC levels compared to the AD
cohort (p = 0.0245). In addition, the serum ATIC levels of patients in R cohort were significantly lower compared to the
NDMM group (P = 0.0079). (Figure 4A).
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Figure 4 (A) Serum ATIC Levels in Relation to Current Disease Status of MM patients. The box plot diagram represents the interquartile range and median values.
Whiskers indicate the most extreme observations. The individual values are presented with black dots (NDMM group: n = 32, mean: 48.13 + 18.10 ng/mL), squares (patients
with AD: n = 77, mean: 44.86 * 24.23ng/mL), and triangles (patients in (R) n = 69, mean: 35.47 % 18.10 ng/mL). The Kruskal-Wallis with Dunn’s multiple comparison test was
used for statistical analysis. (*p < 0.05, ** p < 0.01). (B) Serum ATIC Levels in Relation to Current Disease Status of MM patients. The box plot diagram represents the
interquartile range and median values. Whiskers indicate the most extreme observations. The individual values are presented with rhombuses (NDMM patients: n = 32,
mean: 48.13 + 18.10 ng/mL), downward triangles (PR: n = 18, mean: 41.30 * 19.34 ng/mL), upward triangles (VGPR: n = 17, mean: 36.64 * 15.24 ng/mL), squares (s/CR:
n =38, mean: 31.23 + 17.43 ng/mL), black dots (SD: n = 45, mean: 36.37 +15.34ng/mL), black stars (PD: n = 32, mean: 56.8] £29.2Ing/mL). For statistical analysis, the
ANOVA test with Welch’s multiple comparison was used. (* p < 0.05, ** p <0.01).
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Serum ATIC Levels in Relation to the Degree of Treatment Remission of MM Patients
To further explore the relationship between the degree of remission after treatment and serum ATIC levels in MM
patients, we performed analysis differences in serum ATIC expression levels among NDMM group, SD group (stable
disease), PD group (progressive disease), PR group, VGPR group, and s/CR group (complete remission and strict
complete remission). We found that as the depth of response increased, the patients’ ATIC levels steadily decreased. The
significance shown in the previous figure between the NDMM and R groups persisted when the NDMM and s/CR (n =
38, mean: 31.23 £ 17.43 ng/mL) groups were examined (p = 0.0082) with a similar, and simply tendency between the PD
(n =32, mean: 56.81 + 29.21 ng/mL) and s/CR groups (p = 0.0011). Compared with PD group, a marked decrease in the
serum ATIC expression level was observed in the VGPR group (n = 17, mean: 36.64 + 15.24 ng/mL) (p = 0.0038) and
SD group (n = 45, mean: 36.37 £ 15.34 ng/mL) (P = 0.0114). (Figure 4B).

Serum ATIC Levels in Relation to Clinical Parameters of MM Patients

In this study, we compared the differences in serum ATIC expression levels between different cut-off values of anemia
related indicators, including Hb (hemoglobin), HCT (hematocrit), PLT (platelet) and ESR (erythrocyte sedimentation
rate). Surprisingly, significantly higher serum ATIC levels were observed in the low Hb group (Hb < 100 g/L) and high
PLT group (PLT > 300*10°/L) of MM patients than in the high Hb group (Hb > 100 g/L) and low PLT group (PLT <
100%10°/L), respectively (p < 0.05) (Table 4). However, correlation analysis has shown that elevated ESR is significantly
positively correlated with high expression levels of serum ATIC in MM patients, while high-expression states of Hb, Hct,
and PLT are not significantly associated with ATIC levels. This reflects the differences in statistical methods and the
complexity of biological mechanisms.

Additionally, the correlation between serum ATIC levels and parameters related to liver and kidney function was
analyzed. These parameters were collected from patient groups stratified according to the Chinese Guidelines for the
Diagnosis and Management of Multiple Myeloma (2022 revision),'” including 2-microglobulin (B2-MG), urea nitrogen
(BUN), blood calcium (Ca), lactate dehydrogenase (LDH), serum creatinine (Cr), creatinine clearance rate (CrCl), uric
acid (UA), globulin (GLO), and albumin (ALB). Findings revealed that serum ATIC concentrations were notably
elevated in the high GLO group (>35 g/L), high UA group (UA > 360 pmol/L), and high $2-MG group (B2-MG >
5.5 mg/L) of MM patients than in the normal GLO group (GLO < 35 g/L), normal UA group (UA < 360 pumol/L), and
normal B2-MG group (B2-MG <5.5 mg/L) (p < 0.05), respectively (Table 5). Moreover, high serum ATIC levels were
significantly positively correlated with elevated levels of GLO (n = 178, r = 0.151, p = 0.044), UA (n = 179, r = 0.156,

Table 4 Serum ATIC Expression Levels Between Different Cut-
off Values of Anemia Related Indicators

Parameters | ATIC (ng/imL) Mean = SD tiZ P value
Hb

<100 g/L 45.74+23.56 —2.022 | 0.043*
=100 g/L 38.62+22.64

PLT

<100%10°/L 41.48+19.24 —2.461 | 0.017*
>300%10°/L 56.78+26.92

HCT

<0.35 44.14£23.35 —0.466 | 0.641
20.35 41.07+£20.31

ESR

<15mm/60min 39.60+21.75 —0.513 0.608
2| 5mm/60min 43.94+25.07

Note: *P < 0.05.

Abbreviations: Hb, hemoglobin; PLT, Platelet; HCT, hematocrit; ESR, erythrocyte
sedimentation rate; SD, standard deviation.
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Table 5 Comparison of Serum ATIC Levels Between Different
Clinical Parameter Groups in MM Patients

Parameters ATIC (ng/mL) Mean £ SD tiZ P value
GLO

<35 (g/L) 42.55%+15.98 —1.998 | 0.046*
235 (g/L) 52.42+21.01

UA

<360 (umol/L) 39.97+22.74 —1.984 | 0.047*
2360 (umol/L) 44.66125.47

B2-MG

<5.5 (mg/L) 38.71+20.36 —2.198 | 0.028*
25.5 (mg/L) 48.11£27.62

Ca

<2.25 (mmol/L) 42.07+23.47 —-1.023 0.306
>2.75 (mmol/L) 48.05+18.20

Alb

<35 (g/L) 40.44+23.35 —0.504 0.614
235 (g/L) 46.82+23.28

BUN

<7.5 (mmol/L) 42.31422.78 —0.441 0.660
27.5 (mmol/L) 46.77+16.56

Cr

<176.8 umol/L 43.13£23.71 —1.400 0.16l
2176.8 umol/L 37.18+20.13

CrClI

<80 mL/min 43.27422.34 —1.257 | 0.209
280 mL/min 40.61+24.90

LDH

<225 U/L 42.78 +23.36 —0.127 | 0.899
2225 U/L 42.81 +23.82

Note: *P < 0.05.

Abbreviations: GLO, Globulin; UA, uric acid; f2-MG, B2-microglobulin; Ca, cal-
cium; Alb, albumin; BUN, blood urea nitrogen; Cr, creatinine; LDH, lactate dehy-
drogenase; MM, multiple myeloma; SD, standard deviation.

p =0.037), and B2-MG (n = 177, r = 0.159, p = 0.035) (Table 6). After FDR correction, correlations between ATIC and
B2-MG, UA and GLO (all yielded q = 0.044) remained significant, indicating a correlation between high expression of
serum ATIC and liver and kidney function damage in MM patients.

Serum ATIC Levels in Relation to Clinicopathological Features of MM Patients

To compare the association between serum ATIC levels and clinical pathological characteristics of MM patients, we
collected some representative clinical pathological parameters from enrolled MM patients, including fluorescence in situ
hybridization (FISH), light-chain typing, plasma cells and extramedullary infiltration (EMI). The results showed that 105
cases (56.4%) showed abnormal FISH results and 34 (18.2%) MM patients had EMI. Among the light-chain typing, 110
(59.1%) MM patients had k-chain and 67 (36.0%) MM patients had A-chain, and MM patients with abnormal FISH
results exhibited significantly higher serum ATIC levels than those with normal FISH results. Besides, the serum ATIC
levels of MM patients with A-chain were significantly higher than those of patients with k-chain (P < 0.05). However, no
significant differences in serum ATIC concentration were observed between groups stratified by plasma cell count (with
a threshold of >30%) and extramedullary infiltration status. (Table 7).
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Table 6 Comparison of the Correlation for General Biochemical Parameters
Related to the Serum ATIC Levels of MM Patients

Parameters | Number of Patients (n) | Correlation Coefficient (r) | P value
Hb 186 —0.112 0.129
Hct 165 —0.100 0.201
PLT 178 0.095 0.206
ESR 143 0.234 0.04*
GLO 178 0.151 0.044%*
UA 179 0.156 0.037%
B2-MG 177 0.159 0.035*%
Ca 186 —0.041 0.581
ALB 185 —0.120 0.238
BUN 179 0.065 0.385
Cr 186 0.080 0.280
CrCl 186 —0.060 0.417
LDH 37 0.237 0.158
Plamsa cells 132 0.044 0.613

Notes: The Spearman correlation analysis was used for the analysis. *P < 0.05.
Abbreviations: 2-MG, beta-2-microglobulin; ESR, erythrocyte sedimentation rate; LDH, lactate-
dehydrogenase; k, kappa light chain; A, lambda light chain.

Table 7 Serum ATIC Levels in Relation to Clinic Pathological Features of MM

Patients

Parameters ATIC (ng/mL) tiZ P value
Mean £ SD

Fluorescence in situ hybridization (FISH)

Normal 38.58+25.62 —2.318 0.02*

Abnormal 45.58+22.63

Lightchains

K 40.25 £24.05 —2.479 0.013*

A 46.72+21.65

Plasma cells

<30% 42.65+26.20 —0.591 0.555

230% 42.97+21.02

Extramedullary infiltration (EMI)

With EMI 43.74£23.28 —0.027 0.978

Without EMI 43.23+24.34

Note: *P < 0.05.
Abbreviations: FISH, fluorescence in situ hybridization; EMI, extramedullary infiltration; MM, multi-
ple myeloma; SD, standard deviation.

Serum ATIC Levels in Relation to Progression-Free Survival of MM Patients

Through continuous follow-up of MM patients, we collected progression-free survival (PFS) data, defined as the time
interval from the start of induction therapy to disease progression or death from any cause, calculated in months. Based
on the ATIC cutoff value determined by ROC analysis, MM patients were divided into high and low ATIC expression
groups, and Kaplan Meier curves were used to calculate the changes in PFS time. Findings indicated that in comparison
with the low ATIC expression group, the PFS time of the high ATIC expression group among MM patients was shorter,
indicating faster disease progression. These results suggest that high serum ATIC expression may influence MM
progression (Figure 5).
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Figure 5 Serum ATIC Levels in Relation to Survival analysis of MM patients. The Kaplan—Meier curves indicate that the high ATIC group (I) showed a trend toward shorter
PFS compared to the low ATIC group (0), suggesting a potential association between elevated ATIC levels and poorer clinical outcomes.

Discussion

Within our research, a notable elevation of ATIC concentrations in serum was detected in MM patients when contrasted
with healthy controls matched for age and gender. Besides, neither age nor sex in the MM patients and healthy
individuals could influence the levels of ATIC. These findings suggest a potential role for ATIC as a diagnostic biomarker
for MM, warranting further exploration in clinical settings. Subsequently, we referred to the patients who had not yet
received treatment after admission to the hospital as NDMM patients, which had higher expression levels of ATIC in
serum compared to healthy controls. ROC analysis indicated that ATIC had a good diagnostic performance for MM, and
the area under the curve (AUC) was 0.720. Based on the highest Youden index, when the ATIC cutoff value was set at
26.5492 ng/mL, the diagnostic sensitivity for MM reached 77.4%, with a specificity of 67.7%.

We investigated the link between serum ATIC level and common comorbidities among individuals with MM and
found a potential association between diabetes and serum ATIC levels in MM. A study conducted at the University of
Toronto in Canada examined the association between diabetes and hematological malignancies by utilizing healthcare
databases from Ontario. The findings indicated that individuals with diabetes exhibited a 15% increased risk of
developing MM.'® In addition, a Meta-analysis also showed that patients with type 2 diabetes had a 20% increased
risk of developing MM.'® One of the core pathological mechanisms of diabetes is insulin resistance, and the purine
nucleotide metabolic processes involved in ATIC may play an important role in cellular energy metabolism.*® Insulin is
an important hormone that regulates blood glucose levels and it has an inhibitory effect on autophagy. When blood
insulin levels are elevated, the downstream PI3K-AKT-mTOR signaling pathway is activated, while the initiation of
autophagy is inhibited.?' In a related study, we found that ATIC also inhibits autophagy like insulin, and we hypothesized
that a reduction in ATIC would have an effect similar to that of insulin resistance and cause an increase in blood glucose
levels. Research indicates that the reduction of ATIC can promote autophagy, similar to the effect of glucagon. When
blood glucose levels are decreased, the secretion of glucagon increases, activating the cAMP-PKA signaling pathway and
inhibiting mTOR activity, thereby inducing autophagy and breaking down substances such as glycogen within cells into
glucose.”>>

We also examine the serum ATIC level and staging classification systems recommended by IMWG among the
patients. Significantly elevated ATIC levels were observed in the higher RISS stages, which may indicate that ATIC may
play a potentially valuable role as a prognostic biomarker. For DS and ISS, there was an upward trend from stage I to
stage III, but no significant differences were observed among these groups. This finding may be attributed to the fact that
assess DS staging by Hb and serum calcium,>* and assess ISS staging by p2-MG and albumin, which this indicators
significantly related to disease burden®” itself affects grouping.
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In our study, we also explored the relation of serum ATIC Levels and the degree of treatment remission of patients
with MM. The results demonstrated that patients with active disease had significantly higher ATIC levels than those in
remission. When patients achieved significant remission, their ATIC levels were markedly lower than those in NDMM
cohort and the active disease cohort. Further subgrouping of patients in remission based on the response of treatment
revealed that serum ATIC levels steadily decreased with treatment remission until s/CR, suggesting that the lower the
ATIC level, the more optimistic the prognosis for the patient. Similarly, the worse the disease, the higher the ATIC level.
These results corroborated our hypothesis that ATIC may serve as a detection marker reflecting clinical efficacy and can
also be used for prognostic evaluation.

When we examined laboratory indicators related to anemia, we found significant changes in Hb, PLT, ESR and ATIC.
The results showed that serum ATIC levels showed high expression in the anemia group and platelet high expression
group of MM patients, and correlation analysis found no significant correlation between them, indicating that their
relationship may be non-linear or dependent on other factors. Of course, this also reflects that ATIC may be a biomarker
for MM inflammation or metabolic status. The ESR?® was positively correlated with ATIC expression in serum of
patients with MM. The level of PLT in serum was directly regulated by TPO. Interestingly, the level of TPO varied
significantly at each stage of MM. For example, when MM progresses from MGUS/SMM, BM and serum levels of TPO
are significantly elevated, suggesting its potential as a diagnostic and prognostic biomarker for MM.?” When we
examined laboratory markers of liver and renal function, we found that serum ATIC levels were highly expressed and
positively correlated with high levels of GLO, UA, and b2-MG groups. Based on these findings, we can hypothesize that
accelerated ESR may be associated with elevated GLO in MM patients.”® A notable positive link was discovered
between UA and ATIC. UA, as the final metabolite of purine catabolism, often reflects vigorous cellular metabolism and
a substantial tumor burden when its levels are elevated,” whereas elevated levels of ATIC also reflect proliferation of
tumor cells and disease activity.'* In the case of LDH, although there was no significant difference, we still observed that
ATIC values were associated with higher LDH values (greater than 225 U/L). The elevated values of these two laboratory
parameters, f2-MG>® and LDH,*! are markers of poor prognosis.*>

MM is characterized by a variety of chromosomal abnormalities. FISH technology can detect these chromosomal
aberrations, which are of great significance, prognosis and treatment of the disease.”® In this investigation, it was
demonstrated that serum ATIC levels in patients with abnormal FISH results were strikingly elevated compared to those
with normal FISH outcomes. Following the guidelines set by the international myeloma working group,** this study
categorized several cytogenetic aberrations linked to a poor prognosis in MM as abnormal FISH results. These
abnormalities include t (11,14), t (6,14), t (4;14), del (17p), t (14;16), t (14;20), and 1q21 amplification. The results
showed that high serum ATIC levels were associated with an unfavorable prognosis for MM. In MM, we analyzed ATIC
by grouping the two types of light chains and found a marked differences in ATIC levels between the two groups.
Although the prognosis of MM is influenced by light chain-related factors, our research indicates that ATIC has potential
prognostic value as a serum biomarker for MM. Consequently, in future clinical practice, integrating ATIC levels with
the k/A ratio of serum-free light chains could enable more precise prognoses for MM patients.

In the final part of this study, we also discovered some associations between serum ATIC level and PFS of MM. In the
Log rank test for comparing survival curves, the hazard ratio analysis indicated that the hazard ratio of the high
expression group of ATIC with MM patients compared to the low expression group of serum ATIC was 1.1061,
suggesting that with higher expression group of ATIC had a slightly higher risk of MM disease progression.
Considering the trend of the survival curves, although the survival probability of the high expression group of ATIC
was slightly higher than that of the low expression group of ATIC in the later stage, the faster decline in the early stage
suggests that patients with a high expression of ATIC may experience disease progression-related events earlier, thereby
affecting prognosis. That is, the higher expression of ATIC, the worse the prognosis of MM, which is consistent with our
previous reports.

Our research results suggest that ATIC may play a vital role in the pathogenesis and development of MM, as we
demonstrated that the serum levels of ATIC in patients with MM were higher than those in healthy individuals, and the
high expression levels of serum ATIC were closely related to MM patients with higher RISS staging, abnormal FISH
results, high level of UA, high level of 2-MG, treatment incomplete remission and short PFS time. Of course, this study

144 https: Blood and Lymphatic Cancer: Targets and Therapy 2025:15



Gu et al

also has some potential limitations. Firstly, the sample size is insufficient. Increasing the sample size can more accurately
evaluate the relationship between ATIC levels and certain clinical features, especially in specific subgroups of patients
(such as extramedullary infiltration, specific cytogenetic abnormalities, etc). Secondly, there is a lack of overall survival
time data in this study. The follow-up period can be extended in the future to obtain more overall survival data; it will
help to better and more comprehensively evaluate the prognostic impact of ATIC on MM patients. Third, the control
group comprised healthy volunteers without diabetes, which precluded evaluation of the impact of diabetes state on ATIC
levels; therefore, individuals with diabetes will be included in future studies.

Conclusion

In conclusion, this study reveals significantly elevated serum ATIC levels in patients with MM versus healthy controls.
ROC curve demonstrated that ATIC has good diagnostic performance for MM (AUC = 0.720). Notably, serum ATIC
levels in patients with MM exhibited a decreasing trend as the treatment response improved, and the Remission Group
showed a marked decrease compared to the Active Disease Group (p < 0.05). Serum ATIC levels were positively
associated with higher R-ISS stages (p < 0.05) and lower in diabetic MM patients compared to non-diabetic counterparts
(p = 0.004). Elevated ATIC levels strongly correlated with increased ESR, $2-MG, GLO, UA, and abnormal FISH results
(p < 0.05). Collectively, these findings establish ATIC as a multifunctional biomarker for MM diagnosis, prognostic
assessment, and treatment efficacy monitoring.
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AD, Active Disease Group; ATIC, 5-Aminoimidazole-4-carboxamide ribonucleotide formyl transferase/IMP cyclohy-
drolase; f2-MG, f2-microglobulin; CR, complete remission; DS, Durie-Salmon system; ESR, Erythrocyte sedimentation
rate; FISH, Fluorescence in situ hybridization, GLO, Globulin; Hb, Hemoglobin; ISS, International Staging System;
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