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Abstract
As a label-free, nondestructive, and in situ detection method, Raman spectroscopy analysis of single cells has potential appli-

cation value in biomedical fields such as cancer diagnosis. In this study, the Raman spectral characteristics of nucleophosmin

(NPM1)-mutant acute myeloid leukemia (AML) cells and nonmutated AML cells were investigated, and the reasons for the

differences in spectral peaks were explained in combination with transcriptomic analysis. Raman spectra of two AML cell

lines without NPM1 mutation (THP-1 and HL-60) and the OCI-AML3 cell line carrying the NPM1 mutant gene were cultured

and collected experimentally. It was found that the average Raman spectra of NPM1 mutant and nonmutated cells had inten-

sity differences in multiple peaks corresponding to chondroitin sulfate (CS), nucleic acid, protein, and other molecules. The

differentially expressed genes were identified by quantitative analysis of the gene expression matrix of the two types of cells,

and their roles in the regulation of CS proteoglycan and protein synthesis were analyzed. The results showed that the differ-

ences between the two types of cells expressed by the single-cell Raman spectral information were consistent with the dif-

ferences in transcriptional profiles. This research could advance the application of Raman spectroscopy in cancer cell typing.
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Introduction
Pathological diagnosis is mainly determined by morphology.

Human cells or tissues are obtained through fine needle aspi-

ration, surgical resection, endoscopic biopsy, etc., and a

series of processing steps and observations of samples are

conducted using microscopes and other tools to identify

tumor cells according to their distribution and morphological

structure. This diagnostic method is currently the “gold stan-

dard” for cancer diagnosis.1 However, the process of sample

preparation and staining is tedious and time-consuming and

has many requirements for doctors. In addition, pathological

diagnosis usually requires a combination of immunopheno-

typing, molecular genetics, and other detection methods to

obtain the final diagnosis. These methods are not only expen-

sive and time-consuming, but also rely on the experience of

medical staff or involve a series of tests, and cancer does not

show obvious symptoms during the early stage, making it dif-

ficult to ensure the accuracy of diagnosis.2

Cells are the basic units of all living organisms. Proteins,

lipids, nucleic acids, and carbohydrates are important biolog-

ical molecules that constitute cells. The composition and

content of various biomolecules may change during the

malignant transformation of cells, and these changes often

occur much earlier than clinical symptoms. Raman spectro-

scopy can be used to detect these changes before they

cause clinical manifestations and medical imaging abnormali-

ties and can be used as an important detection method for

early disease diagnosis and tumor grading.3

Raman spectroscopy is an inelastic scattering spectro-

scopy technique that is used to analyze molecular vibrational
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and rotational information. It has the advantages of label-free,

nondestructive, and rapid detection. It can be used to detect

the vibration of chemical bonds in cells and tissues and

extract the spectral information of Raman active functional

groups such as nucleic acids, proteins, lipids, and carbohy-

drates in single cells.4 Raman spectroscopy can assist in eval-

uating, characterizing, and distinguishing cell types to provide

objective and quantifiable molecular information for rapid

clinical diagnosis and treatment. Therefore, Raman spectro-

scopy is widely used in the field of cancer diagnosis.5–8

Acute myeloid leukemia (AML) is an aggressive and refrac-

tory hematological malignancy characterized by the abnormal

proliferation of immature myeloid cells in bone marrow and

peripheral blood. Although the majority of AML patients

achieve complete remission after chemotherapy and alloge-

neic hematopoietic stem cell transplantation, the five-year

overall survival rate of AML patients remains low. Drug resis-

tance and relapse are the two main factors that affect the sur-

vival of leukemia patients. Mutations in the nucleophosmin

(NPM1) gene are one of the most common and clinically rel-

evant genetic alterations in AML. Mutations in the NPM1

gene were detected in approximately 60% of patients with

cytogenetically normal AML.9,10 Due to its unique biological

and clinical features, NPM1-mutated AML was defined as a

distinct subtype of AML in the World Health Organization

classification of leukemias.11 Accurate identification of AML

subtypes plays an important role in selecting treatment

options and improving prognosis.

Transcriptomics provides important insights into gene

structure, expression, and regulation and has been exten-

sively studied in many organisms.12–14 Transcriptome analysis

is the key to understanding genome function and potential

biological processes.15 The objective of this study was to

investigate the correlation between Raman spectroscopy

and gene expression profiling. By comparing the transcrip-

tome data of leukemia cells with the human reference

genome and performing quantitative analysis of gene expres-

sion levels and differential expression analysis, differentially

expressed genes were identified, and their biological pro-

cesses were analyzed. Moreover, Raman spectroscopy was

used to study the leukemia cell line with NPM1 mutation

(OCI-AML3), and the THP-1 and HL-60 cell lines without

NPM1 mutation, Raman spectral data were obtained, and

the differences between the two were compared. The rela-

tionship between the transcriptome of leukemia cells and

the cytochemical components corresponding to the Raman

profile data was studied, and the Raman spectrum analysis

data obtained from the leukemia cells were explained.

Materials and Methods

Cell Line Culture
The leukemia cell lines THP-1 and HL-60 were provided by

the First Bethune Hospital of Jilin University, and the cell

line OCI-AML3 carrying the NPM1 mutant gene was pur-

chased from the Chinese Typical Culture Preservation

Center of Wuhan University. The cell lines were cultured

in RPMI 1640 medium containing 10% fetal bovine serum in

a 5% CO2-saturated humid incubator at 37 °C.

Raman Spectroscopy Acquisition
The cultured cells were placed on glass slides to prepare

the test samples. The Raman spectra of single cells were

collected by using the Raman spectrometer established in

our laboratory. The 532 nm laser was selected as the exci-

tation light source (Spectra-Physics Excelsior diode-

pumped solid-state laser, 200 mW). After filtering and

light intensity attenuation, the laser was focused on the

cell surface through a 50 times microscope objective

(Olympus). The focused spot size was 2 μm, and the

power was approximately 35 mW. The recorded spectral

range was 600–1800 cm−1, and the integration time for spec-

tral acquisition was 30 s. The resolution of the Raman spec-

trometer was approximately 2 cm−1. As observed by using

a microscope, these conditions did not burn cells while ensur-

ing a sufficient signal-to-noise ratio. The frequency calibration

of the spectrometer was performed using the 520.7 cm−1 sil-

icon spectral line, and the standard deviation of the peak posi-

tion shift was less than ±0.5 cm−1. All measurements were

performed in a dark room.

Spectral Data Processing
When the Raman spectral data of leukemia cells were col-

lected, noise, glass substrate, fluorescence background, and

other information interfere, which have a great impact on

the quality of Raman spectra.16–19 Therefore, it is necessary

to preprocess the collected original Raman spectra before

performing spectral data analysis.

First, the Savitzky–Golay filtering algorithm was used to

smooth and denoise the spectral data. For the interference

signals generated by the glass substrate, the specific-scale

analysis algorithm based on wavelet transform was used

to eliminate the influence of the substrate spectrum.

Then, the background fluorescence was removed by the

zero-order Savitzky–Golay filtering algorithm combined

with the local minima.20 Finally, the spectral signal intensity

was normalized by the 1450 cm−1 Raman peak as a stan-

dard. The data preprocessing process was completed

using Matlab R2019b (The MathWorks Inc.). The average

spectra of leukemia cells with NPM1 mutation and without

NPM1 mutation were plotted by Origin 2017 (OriginLab)

software and the spectral differences between the two

were analyzed and compared.

To evaluate whether the spectral differences between

NPM1 mutant and nonmutant leukemia cells were statisti-

cally significant, IBM SPSS Statistics 29 software was used
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to perform an independent sample t-test on the spectral

peak intensity values obtained from both groups that met

the normality. For skewed spectral data, the nonparametric

Mann–Whitney U-test was selected for comparison

between groups. P < 0.05 indicated that the differences

were statistically significant between the two groups of

spectral data.

Transcriptomic Analysis
The gene expression data and clinical data of AML patients

were obtained from the GSE6891 dataset in the Gene

Expression Omnibus database, including 140 patients

with NPM1 mutant leukemia and 317 leukemia patients

without the NPM1-mutated genes. The linear models for

microarray and RNA-sequenced data Limma method

in R software was used to perform differential expres-

sion analysis using the two groups of data, and the

Benjamini–Hochberg method was used to control the

false discovery rate to obtain the adjusted P value.21

Differentially expressed genes were identified using |log2

(Fold Change)| > 1 and adjusted P value < 0.05 as thresh-

olds, and the results were visualized by volcano plot and

box plots. The gene expression data obtained from the

OCI-AML3, THP-1, and HL-60 leukemia cell lines were

obtained from the Cancer Cell Line Encyclopedia (CCLE)

database.

Results and Discussion

Comparison of Average Raman Spectra of Leukemia
Cells
In this study, Raman spectra of AML cell lines were obtained

from 186 samples, including 78 samples of THP-1 cells, 56

samples of HL-60 cells, and 52 samples of OCI-AML3

cells carrying the NPM1 mutation gene. The average

Raman spectra obtained from the two types of cells with

NPM1 mutation and those without NPM1 mutation are

shown in Fig. 1. The diagram shows that the Raman spectra

obtained from leukemia cells showed multiple spectral peaks

in the range of the 600–1800 cm−1
fingerprint spectrum, which

can fully reflect the changes in the content and composition of

substances in different types of leukemia cells. The spectral dif-

ferences between NPM1 mutant and nonmutant leukemia cells

were mainly concentrated at 670 cm−1, 719 cm−1, 748 cm−1,

783 cm−1, 992 cm−1, 1047 cm−1, 1066 cm−1, 1487 cm−1,

1583 cm−1, 1608 cm−1, 1619 cm−1, and 1660 cm−1. The

P value was calculated by an independent sample t-test or
Mann–Whitney U-test and the differences in the above

peaks were statistically analyzed (results shown in Fig. 2).

The histogram results show that the spectral differences

between leukemia cells with NPM1 mutation and those

without NPM1 mutation were statistically significant (P <
0.05). The main spectral components of the cells and

their designations are provided in Table I.22–27

Figure 1. The averaged Raman spectra of NPM1 mutant leukemia cells and nonmutated leukemia cells. The upper red line represents the

spectrum of the OCI-AML3 cell line carrying the NPM1 mutant gene. The following blue line represents the spectrum of the nonmutant

leukemia cell lines THP-1 and HL-60. The shadow areas represent the 95% confidence intervals.
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Among these main differences, the Raman peaks at

1583 cm−1, 1608 cm−1, 1619 cm−1, and 1660 cm−1 were

mainly related to the proteins in the cells,22,23,26,27 and the

content in NPM1 mutant leukemia cells was significantly

higher than that in nonmutant leukemia cells. Unlike the pro-

teins, the signals of the Raman peaks at 670 cm−1, 748 cm−1,

783 cm−1, and 1487 cm−1, which might be related to nucleic

acids,22,23,26 were less intense in NPM1 mutant leukemia cells

than in nonmutant cells. The decrease in the intensity of char-

acteristic nucleic acid peaks may have been related to the

genomic instability of NPM1 mutant leukemia cells.28 We

also found that the signals at 992 cm−1, 1047 cm−1, and

1066 cm−1 represented chondroitin sulfate (CS) in cells, and

the content in NPM1 mutant leukemia cells was significantly

higher than that in nonmutant leukemia cells.24,25

Differentially Expressed Genes
The Limma method in R software was used to identify differ-

entially expressed genes in the gene expression dataset. Using

|log2 (Fold Change)| > 1 and adjusted P value < 0.05 as

screening conditions, a total of 136 differential genes were

Figure 2. Histogram of NPM1 mutant and nonmutant leukemia cells. The spectral data conforming to a normal distribution are expressed

as the mean value (standard deviation), while the data not conforming to a normal distribution are statistically described by the median

(quartile). P values were calculated by independent sample t-test or Mann–Whitney U-test. *P< 0.05, **P< 0.01, ***P< 0.001.

Table I. Assignment of Raman spectrum peaks to biological

molecules.

Peak position

(cm−1) Assignment Composition Reference

670 T, G DNA/RNA 22

719 CN+(CH3)3 stretching Lipids 22

748 Thymine ring breathing

mode

Nucleic acids 23

783 U, C, T ring breathing DNA/RNA 22

992 C–O–S CS 24

1047 C–OH CS 25

1066 OSO−
3 CS 24

1450 CH2, CH3 deformation/

CH2 vibration

Proteins/lipids 26,27

1487 A, G Nucleic acids 26

1583 C=C bending,

phenylalanine

Proteins 23

1608 Phenylalanine, tyrosine,

C=C
Proteins 22,26

1619 Tyrosine, tryptophan,

C=C stretching mode

Proteins 22,26

1660 Amide I (α-helix) Proteins 27
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identified, of which 79 were upregulated and 57 were down-

regulated in NPM1 mutant leukemia samples (Fig. 3). We

selected several genes that had expression levels that were

significantly different and that have been confirmed to be

closely related to NPM1 mutant leukemia and visualized the

results by box plots (Fig. 4).29–34

The box plots show that HOX genes such as HOXA10

and HOXB6 were highly expressed in NPM1 mutant cells.

HOX genes are important regulatory factors of embryonic

and hematopoietic cell development, and their overex-

pression is associated with leukemogenesis.29 The HOX

locus also contains lncRNAs involved in cell differentiation

and cancer pathogenesis.35–40 HOXB-AS3 is a long non-

coding RNA (lncRNA) embedded in the HOXB locus

that plays a role in regulating ribosomal RNA (rRNA) tran-

scription and ribosome biogenesis in leukemia cells. It was

highly expressed in NPM1 mutant cells. The HOX gene

often functions synergistically with other genes, the most

common of which is the MEIS1 gene. The MEIS1 gene

was significantly upregulated in NPM1 mutant leukemia

cells. As a transcription factor, the MEIS1 gene can com-

bine with the HOX gene to form a dimer to accelerate

the occurrence of AML.30 The VCAN gene, which is a

member of the proteoglycan family, was highly expressed

in NPM1 mutant cells. It was reported that inhibition of

VCAN expression can significantly reduce the invasion

ability of leukemia cells.31 The expression of the CD34

gene was upregulated in nonmutant cells. CD34 is a highly

glycosylated cell surface antigen that can inhibit the differ-

entiation of myeloid cells and cause them to stay in the

early hematopoietic stage.

Differential Genes Expressions in Cell Lines
The leukemia cell line OCI-AML3 carries the NPM1 mutant

gene. It has the molecular and biological characteristics of

NPM1 mutant AML and is an important tool for studying

this AML subtype.41 The gene expression data of three

AML cell lines (OCI-AML3, THP-1, and HL-60) were

obtained from the CCLE database, and the expression differ-

ences in the HOXA10, HOXB6, HOXB-AS3, VCAN, MEIS1,

and CD34 genes in leukemia cell lines were analyzed. As

shown in Fig. 5, the HOXA10, HOXB6, HOXB-AS3,

VCAN, and MEIS1 genes were highly expressed in the

OCI-AML3 cell line with NPM1 mutation, while the expres-

sion of CD34 was not obviously different among the three

cell lines. Comparing the gene expression data shown in

Figs. 4 and 5 revealed that the differentially expressed gene

results obtained in leukemia cell lines and clinical samples

were consistent. Studying the biological and genetic charac-

teristics of leukemia cell lines is of great clinical value for

the diagnosis and classification of AML.

Figure 3. Volcano plot of differentially expressed genes in clinical samples. The thresholds for differentially expressed genes were |log2

(Fold Change)| > 1 and adjusted P value < 0.05. The red points on the right represent upregulated differentially expressed genes in

NPM1-mutated leukemia samples. The blue points on the left represent downregulated differentially expressed genes.
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Figure 4. Boxplots of differentially expressed genes in clinical samples. The expression of the (a) HOXA10, (b) HOXB6, (c) HOXB-AS3,

(d) MEIS1, (e) VCAN, (f) and CD34 genes in NPM1 mutant and nonmutant leukemia cells. Pos represents the NPM1 mutant leukemia group,

and Neg represents the nonmutant leukemia group.

Figure 5. Expression of differential genes in leukemia cell lines. OCI-AML3 is a leukemia cell line carrying the NPM1 mutant gene. THP-1

and HL-60 are leukemia cell lines without the NPM1 mutant gene.
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Discussion
Genes were differentially expressed in different types of AML,

and their expression levels were closely related to AML clas-

sification. HOX genes are a family of transcription factors

containing homologous domains. There are 39 genes in

total, which can be divided into four clusters: A, B, C, and

D. These gene clusters were found to be located on chromo-

somes 7, 17, 12, and 2, respectively.42,43 There are some

lncRNA genes in the noncoding region between HOX

genes, which play an important role in regulating the expres-

sion of HOX genes that encode proteins. Studies have shown

that HOX genes are overexpressed in AML with NPM1 muta-

tions.32,33 HOXA10 can promote the proliferation of bone

marrow hematopoietic progenitor cells (HPCs) and AML

cells by upregulating the expression of the target gene

FGF2.44 The HOXB6 gene can promote the proliferation of

HPCs and inhibit their differentiation. HOXB-AS3 is a

lncRNA within the HOXB locus and is one of the most highly

expressed lncRNAs in AML patients with NPM1 mutations.

The upregulation of HOXB-AS3 was found to be driven by

mutations in NPM1. HOXB-AS3 has been shown to interact

with ErbB3 binding protein 1 (EBP1) and guide EBP1 to ribo-

somal DNA sites, enhancing the interaction between EBP1

and NPM1 and increasing the production of transcribed

rRNA. Through this mechanism, HOXB-AS3 regulates ribo-

somal RNA transcription and improves protein translation

efficiency in a state of increasing metabolic demand.34

The VCAN gene encodes a macromolecular CS proteogly-

can. The high expression of VCAN was found to be regulated

by the NPM1 mutant protein-mediated transforming growth

factor-β/cytoplasmic promyelocytic leukemia/Smad signaling

pathway.31 VCAN can increase the invasion and metastasis

of tumor cells by activating nuclear factor-κB signaling and

upregulating the hyaluronic acid receptor CD44, receptor

of hemagglutinin-mediated motility, and matrix metallopro-

teinase 9.45–47 The epidermal growth factor-like motif in

the G3 domain of VCAN binds to the epidermal growth factor

receptor (EGFR) and activates the EGFR-phosphoinositide

3-kinase-Akt-mammalian target of rapamycin pathway, promot-

ing cell proliferation and protein synthesis.48–50

In the Raman spectroscopy results, the signals at 1583 cm−1,

1608 cm−1, 1619 cm−1, and 1660 cm−1 corresponded to

the phenylalanine/C=C bending mode, phenylalanine/tyro-

sine/C=C, the tyrosine/tryptophan/C=C stretching mode

and amide I (α-helix), respectively. The peak intensity of

these Raman peaks characterizing proteins was significantly

higher in NPM1 mutant leukemia cells than in nonmutant

cells, which was consistent with our transcriptome analysis

results. In addition, three characteristic peaks at 992 cm−1

(C–O–S), 1047 cm−1 (C–OH), and 1066 cm−1 (OSO−
3 ) were

related to CS in cells. The high expression of the VCAN

gene in NPM1 mutant leukemia cells explained why the inten-

sity of CS-related Raman peaks was higher in these cells than

in nonmutant cells.

Raman spectroscopy can be used to obtain information on

molecular structure, chemical composition, and molecular

interactions in cells and tissues, so it can be used for differen-

tial diagnosis of diseases.51 Raman spectroscopy has the

advantages of less water interference and label-free, nonde-

structive detection and can be used to study the molecular

characteristics of living cells. Raman spectroscopy data are

mainly analyzed by multivariate statistical analysis methods

such as principal component analysis and linear discriminant

analysis.52,53 While these methods can sometimes success-

fully distinguish spectra from different cell types or states,

the interpretation of the results remains unclear because

they do not provide insights into the biological mechanisms

underlying spectral differences. In this study, cell Raman spec-

troscopy data were linked to transcriptomic data, and the

reasons for the differences in Raman spectroscopy data

from different types of cells were revealed through the

study of gene expression. Our research showed that single-

cell Raman spectroscopy had the potential to be used to

obtain omics information from living cells in a nondestructive

way and had important clinical application value.

Conclusion
In this study, a homemade high-resolution Raman spectrom-

eter was used to analyze the Raman spectra and correspond-

ing transcriptome data of leukemia cells with NPM1 mutation

and cells without NPM1 mutation. The results showed that

there were significant differences in their Raman spectra at

992 cm−1, 1047 cm−1, 1066 cm−1, 1583 cm−1, 1608 cm−1,

1619 cm−1, and 1660 cm−1. These differences were consis-

tent with the changes in CS proteoglycan and protein synthe-

sis regulated by VCAN and HOX genes driven by the NPM1

mutant gene. The Raman spectra of AML cells were related

to cell gene expression profiles. The combination of cellular

Raman spectroscopy and transcriptomics can promote the

understanding of single-cell Raman spectra from the perspec-

tive of molecular biological mechanisms. This method could

be helpful to solve the problems of subjective histopathology

and the accurate identification of cell subtypes and could be

of great importance for the early screening of cancer and

selection of initial treatment options.
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