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Abstract

Serine/arginine repetitive matrix 2 (SRRM2) has been implicated in tumorigenesis, cancer development, and drug resistance
through aberrant splicing; however, its correlation with multiple myeloma (MM) has not been reported. We investigated the
potential of SRRM2 as a biomarker and immunotherapeutic target in MM by examining its expression in MM cells using
flow cytometry. Our study included 95 patients with plasma cell disease, including 80 MM cases, and we detected SRRM?2
expression on plasma cells and normal blood cells to analyze its relationship with clinical profiles. We found widespread
positive expression of SRRM2 on plasma cells with little expression on normal blood cells, and its expression on abnormal
plasma cells was higher than that on normal plasma cells. Comparative analysis with clinical data suggests that SRRM?2
expression on plasma cells correlates with MM treatment response. MM patients with high SRRM?2 expression had higher
levels of serum p2-mg and LDH, ISS staging, and plasma cell infiltration, as well as high-risk mSMART 3.0 stratification
and cytogenetic abnormalities, particularly 1q21 amplification. In patients with previous MM, high SRRM2 expression
on plasma cells was associated with higher plasma cell infiltration, high-risk mSMART 3.0 risk stratification, cytogenetic
abnormalities, more relapses, and fewer autologous stem cell transplant treatments. In summary, SRRM2 may serve as a
novel biomarker and immunotherapeutic target for MM. Its expression level on plasma cells can help in risk stratification of
MM and monitoring of treatment response.
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Introduction

Multiple myeloma (MM) is a terminally differentiated B-cell
tumor and is the second most common hematologic malig-
nancy [1-3]. In recent years, the application of proteasome
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immune therapy targeting the repertoire is crucial for salvag-
ing therapy after relapse. At the same time, a multi-targeted
combination can provide a broader antigen coverage and
thus improve treatment efficacy [7, 8]. Likewise, new drugs
and immunotherapy bring new changes to the prognosis of
MM and need to be supplemented with more diagnostic, risk
stratification, and prognostic markers for clinical applica-
tion [9].

The serine/arginine repetitive matrix 2 (SRRM2) protein
is located in the nucleus of normal human cells and is rich in
serine/arginine (RS) repeats. It can be found by cryo-electron
microscopy (EM) in spliceosomal structures with subcel-
lular structures localized within Cajal vesicles and nuclear
spots (NS), acting mainly in selective splicing of cells and
involved in mRNA pre-maturation [10, 11]. Research has
shown that SRRM?2 can regulate the ATF4-serine metabolic
pathway and affect the vitality, proliferation, and differentia-
tion of tumor cells. THP-1 cells with SRRM2 gene knockout
exhibited increased sensitivity to camptothecin (CPT) and
azacitidine (AZA) while significantly downregulating the
expression of MUC1 (mucin-1). MUCI plays an important
role in the development, metastasis, and anti-apoptotic pro-
cesses of cancer [12]. In addition, there are data sets showing
that increased expression of SRRM2 is associated with poor
survival in acute myeloid leukemia, renal, and hepatocellular
carcinoma (proteinatlas.org, BloodSpot). To date, there are
no reports on the correlation between SRRM2 and MM.
This study aimed to use flow cytometry to detect the expres-
sion of SRRM?2 on plasma cells in plasma cell disorders,
particularly MM, and to explore whether SRRM2 protein
can serve as a biomarker for MM and a potential target for
immunotherapy.

Materials and methods
Patients and samples

This study was approved by the Medical Research Eth-
ics Committee of the Second Affiliated Hospital of Anhui
Medical University. A total of 95 patients with clinically
suspected or confirmed plasma cell dyscrasias at the Second
Affiliated Hospital of Anhui Medical University from Janu-
ary 2022 to February 2023 were included in the analysis.
The enrolled patients included 7 with reactive plasmacytosis,
80 with MM, and 8 with other plasma cell disorders. Other
plasma cell disorders included 3 cases of immunoglobulin
light chain amyloidosis, 1 case of extramedullary plasmacy-
toma, 2 cases of monoclonal immunoglobulin disease, and
2 cases of immunoglobulin deposition disease that were not
excluded. Of the 80 patients with MM, 35 were newly diag-
nosed, and 47 had a previous diagnosis of regular admis-
sion, including plasma cell leukemia (PCL). The diagnosis
of MM was based on the SLiM CRAB criteria in accordance
with the International Myeloma Working Group IMWG)
guidelines [13, 14]. Staging was performed according to
the Durie-Salmon staging system, the International Stag-
ing System, and the Revised International Staging System,
based on clinical testing for MM [15-17]. The mSMART 3.0
risk stratification for MM was performed based on cytoge-
netic FISH analysis [18]. Table S1 summarizes the baseline
characteristics of the 95 patients.

A total of 102 samples were tested in 95 patients,
including 87 bone marrow and 15 peripheral blood sam-
ples. Figure 1 illustrates the clinical diagnosis and follow-
up testing of all patients. A total of 87 samples were tested

All of the samples
to be tested n=102
Reactive plasmacytosis Multiple myeloma Other plasma cell
n=7 n=87 disorders n=8
Newly diagnosed CR VGPR+PR SD+PD Plasma cell leukemia
n=35 n=8 n=5 n=28 n=11
1 patient was followed up to have progressed T 1 5 patients were followed up to have progressed T

1 patient was followed up to have progressed

Fig.1 Structured diagram of the patient’s clinical diagnosis and
follow-up tests. A total of 102 samples from 95 patients were ana-
lyzed, including 7 patients with reactive plasmacytosis, 80 patients
with MM, and 8 patients with other plasma cell disorders. The 87
MM samples were divided into five subgroups based on assessment

@ Springer

of response to treatment and follow-up testing of MM patients. In
the treatment follow-up evaluation, one patient with newly diagnosed
MM entered the PR stage and one progressed to the PD stage; five
patients with PD stage progressed to PCL
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in the MM group, including 35 samples from patients with
newly diagnosed MM (NDMM), 11 samples from PCL,
and 41 samples from patients on treatment. Of these, the
on-treatment patients were evaluated for complete response
(CR), partial response (PR), very good partial response
(VGPR), stable disease (SD), and disease progression (PD)
according to IMWG guidelines. The plasma cells detected
in samples from the CR subgroup of 8 cases of MM were
normal phenotype plasma cells. Among all samples, there
was one peripheral blood sample in the reactive plasma-
cytosis group, three peripheral blood samples in the PD
subgroup of the MM group, and all PCL subgroup samples
were peripheral blood, while all other samples were bone
marrow samples.

MM cell lines

The human MM cell lines RPMI-8226, U226, H929 were
cultured in RPMI 1640 medium (Hyclone, Logan, UT, USA)
supplemented with 10% heat-inactivated fetal bovine serum
(FBS; EVERY GREEN Zhejiang Tianhang Biotechnology
Co. Ltd., China) and 1% antibiotics (100 U/mL penicillin
G and 100 mg/mL streptomycin). All cells were conserved
in our laboratory and cultured in a cell incubator (Thermo
Fisher Scientific Inc. USA) containing 5% CO2 at 37 °C. All
cell lines were authenticated for immunophenotyping prior
to the experiments.

Immunohistochemical testing

Bone marrow biopsy samples were obtained from MM
patients with typical plasma cell infiltration. SRRM2 immu-
nohistochemical staining was performed on the biopsy sec-
tion, along with isotype control staining and hematoxylin
and eosin (HE) staining. The following are the experimental
procedures.

Cut the bone marrow tissue wax blocks into 3pm sec-
tions and place them on slides, bake at 65°C for 60 min,
and then dewax in xylene and hydrate with graded ethanol.
Soak the hydrated tissue sections in citrate buffer (pH 6.0)
and perform antigen retrieval in a pressure cooker. After
cooling the sections to room temperature, block endogenous
peroxidase with 3% H202, stain with a 1:2000 dilution of a
monoclonal antibody against human SRRM?2 (rat-derived,
same-species specific), and incubate at 37°C for 1 h. After
primary antibody incubation, add a peroxidase-labeled
goat anti-mouse/rabbit IgG polymer (immunostaining Kit;
CELNOVTE Henan Celnovte Biotechnology Co., Ltd.,
China) and incubate at 37°C for 30 min; finally, perform
counterstaining with hematoxylin. Typical fields (40 X) were

selected under a microscope and analyzed by two patholo-
gists for confirmation.

Sample preparation for flow cytometry analysis

Heparin-anticoagulated bone marrow and peripheral blood
specimens were collected, and two tubes were labeled in
parallel for each specimen. Adjust the number of nucle-
ated cells in each tube to 5-8 x 10°. Add mouse anti-human
SRRM2-specific recombinant antibody and matching iso-
type control antibody to two parallel tubes and incubate
with all cells in the sample. After incubation at room
temperature for 30 min, add 1.5 ml of saline and wash 3
times, centrifuge at 300 g/5 min and resuspend in 200 pL
saline. Goat anti-rat IgG polyclonal to FITC fluorescent
antibody (Abcam, batch ab150165, Cambridge, UK) and
other fluorescent-labeled monoclonal antibodies (CD138-
PE, CD38-APC,CD45-PC7, Beckman Coulter, Miami, FL,
USA) were added, incubated for 15 min, and then treated
with NH4CI for 10 min for flow cytometry analysis. For
the detection of all clinical samples, we uniformly used a
flow cytometry protocol with four-color fluorescent labe-
ling (FITC, PE, APC, and PC7) to analyze the expression
of SRRM2 in tumor cells and other normal blood cells.
Data acquisition and analysis were performed using a flow
cytometer (Cytoflex S, Beckman Coulter) and CytExpert
software (Beckman Coulter). A minimum of 10° nucleated
cells and 500 target cells were obtained for most samples.
For samples with fewer target cells, we obtained more cells
by centrifugation or extended collection time.

Statistical analysis

The comparison between two groups was performed using
t tests, Welch’s t test, and Wilcoxon rank sum nonpara-
metric test. The overall comparison of multiple groups
was performed using one-way ANOVA test, Welch’s one-
way ANOVA test, and Kruskal-Wallis test, as well as
Dunn’s test. A ROC curve was constructed to evaluate
the sensitivity and specificity of SRRM2 in distinguish-
ing between normal and abnormal plasma cells, as well
as in the diagnosis of newly diagnosed MM. The differ-
ences between SRRM?2 expression and clinical character-
istics of patients were analyzed using Pearson chi-square
test or Fisher’s exact test for categorical variables, and
Mann—Whitney U test or Student’s t test for continuous
variables. A line graph was used to determine the trend
of SRRM?2 changes, and a one-way repeated measures
ANOVA was employed. The data were processed using
SPSS v.24.0 software and R (4.2.1) software, and the
ggplot2 package was used for data visualization. Two-
sided p values <0.05 indicated statistical significance.
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Results
Flow cytometry protocols

To optimize the use of fluorescent antibodies as much as
possible, a uniform four-color flow cytometry protocol was
designed, and plasma cell populations were identified and
gated by CD45-PC7, CD138-PE, and CD38-APC. Granu-
locyte, monocyte, and lymphocyte populations were local-
ized and gated by CD45-PC7 and SSC. The percentage and
mean fluorescence intensity of SRRM2-FITC expression on
plasma cells and normal blood cells, respectively, were ana-
lyzed. In two parallel tubes for each test sample, the expres-
sion of approximately 2% FITC for each cell population in
the isotype control tube was used to define the negative cut-
off value for this cell population (Fig. 2). The percentage of
SRRM2 expression in each cell population was calculated
by comparing each cell population in the experimental tube
to the negative cutoff value set by the isotype control tube
(Figs. 3, 4). To minimize the effect of non-specific reactions,
we defined a positive result when>30% of cells in any cell
population in the experimental tube expressed SRRM2.

SRRM2 is positively expressed on multiple myeloma
plasma cells

We detected the expression of SRRM2 in three human MM
cell lines using flow cytometry and examined the bone mar-
row tissue of some clinical MM patients using immuno-
histochemistry. The results showed a positive expression
of SRRM2 on the cell surface of all three MM cell lines.
The expression rates of SRRM?2 in RPMI-8226, U226, and
HO929 cell lines were 57.64%, 64.38%, and 98.18% (Fig. 5A),
respectively. Immunohistochemical staining indicated high
SRRM?2 expression in the bone marrow of MM patients with
high plasma cell infiltration (Fig. 5B).

SRRM2 expression is higher on abnormal plasma
cells

Patients with MM were divided into subgroups according
to patient status at the time of testing and their response to
the treatment: 29 of 35 newly diagnosed MM had positive
SRRM2 expression on aberrant plasma cells, with a positive
rate of 82.9%; 4 of 5 (VGPR + PR) subgroup samples had
positive SRRM2 expression on aberrant plasma cells, with
a positive rate of 80%; in the 28 cases (SD +PD) subgroup,
26 cases (92.9%) expressed SRRM?2 positively on aberrant
plasma cells; the expression of SRRM2 on aberrant plasma
cells was positive in all 11 PCL subgroups, and the positive
rate was 100%; SRRM2 was positively expressed on normal
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plasma cells in 2 of the 9 CR subgroup samples, with a posi-
tive rate of 22.2%. In addition, in the reactive plasmacytosis
group, 4 of the 7 samples were positive for SRRM2 expres-
sion on normal plasma cells, with a positive rate of 57.1%;
6 of the 8 samples in other plasma cell disorders were posi-
tive for SRRM?2 expression on aberrant plasma cells, with
a positive rate of 75%. The distribution of positive expres-
sion of SRRM?2 on plasma cells of various subgroups of
plasmacytosis is shown in Fig. S1. In samples from patients
with MM, all samples were negative for SRRM2 expres-
sion on granulocytes, monocytes, and lymphocytes in the
newly diagnosed subgroup, the (VGPR + PR) subgroup, the
PCL subgroup, and the CR subgroup. In the (SD 4+ PD) sub-
group, one granulocyte, five monocytes, and one lymphocyte
expressed SRRM2 in 28 samples. Among the seven reactive
plasmacytosis samples, one was positive for SRRM?2 expres-
sion on granulocytes and monocytes. We also recorded the
mean fluorescence intensity (MFI) of SRRM?2 expression in
plasma cells for each subgroup but observed no significant
differences in expression levels between groups, and the
results are summarized in Table S2.

Next, we analyzed the differences in SRRM2 expression
on normal plasma cells in the reactive plasmacytosis group
and in the CR subgroup of MM and abnormal plasma cells
in other subgroups of MM and other plasma cell dyscrasias
(Fig. 6A) and found that SRRM?2 expression was signifi-
cantly elevated on abnormal plasma cells. The area under
the curve for SRRM2 levels on abnormal plasma cells was
determined by ROC curve analysis to be 0.75 (95% confi-
dence interval, 0.63-0.88, P=0.008). The maximum value
of the Youden index (sensitivity + specificity-1) was 0.49,
corresponding to 28.31% SRRM2 expression (Fig. 6B).
The area under the curve of SRRM2 levels on newly diag-
nosed MM abnormal plasma cells was determined using
ROC curve analysis to be 0.71 (95% confidence interval,
0.55-0.87, P=0.02). The maximum Youden index value
(sensitivity + specificity-1) was 0.46, which corresponded
to 28.31% SRRM2 expression (Fig. 6C).

SRRM2 is generally positively expressed on plasma
cells, but rarely expressed on other normal blood
cells

The expression of SRRM2 on plasma cells, granulocytes,
monocytes, and lymphocytes was compared in each sub-
group of plasma cell dyscrasias. The results showed that
SRRM2 expression on plasma cells was significantly
higher than that on normal blood cells in all subgroups,
including MM, reactive plasmacytosis, and other plasma
cell dyscrasias. As shown in Table S2 and Fig. 7, in all
subgroups of plasma cell dyscrasias, the expression of
SRRM?2 on granulocytes, monocytes, and lymphocytes
was low and mostly negative; however, in the subgroup



Clinical and Experimental Medicine (2024) 24:28 Page50f17 28
8 o
~8 ~8_ .
A ¥l SICEED) = [P2e885%) C Pao2.12%) -
x x 1 * -
X s &
1 2 3
< ]
x < 1 Bvo E
03 O o | o v
2 2% g
J [S I
e ]
®
1 e
| o]
o 3 ——
0 500 1000 0 500 1000
SSC-A (x 103) SSC-A (x10%)
‘DO
D 3 E . fat-uio44%) 1-UR(25.64%) F ~Peun
] P5(5.15%) o 4 T T ]
['s] - Jd
24 : %
E 24
] i E
< <29 ]
Oo & ] <
a - 3 © 1 O o
Ci% ]
o o2 ]
« -
?_ )
24
™ E
L ]
o - e e ]
© Q1-LR(4.09%) [
0 500 1000 102 10° 10* 10° 0 1000
SSC-A (x 10%) CD38 APC-A (x 10%)
© © . ©
o [~ [=}
G = 3 H ~ F10(1.92%) | =
nno i lno | u‘:<2
<o T <o ] i
O o Qo O o
=<3 E -3 8 E -
w E w 3 c w
@, o 4 * monocytes k=
E ] lymphocytes
‘o ——— . g’ran‘ulo'cy t'es ‘o e o —
0 500 1000 0 500 1000 0 500 1000
SSC-A (x10%) SSC-A (x103) SSC-A (x10%)

Fig.2 Isotype controls were used to determine the negative cutoff
values for each cell population (Tube 1). A All nucleated cells were
gated P1 after removing adhesion cells and impurities. B P1 was
plotted on a FSC versus SSC display with cell debris removed. The
remaining cells were gated P2. C P2 was plotted on a CD45 ver-
sus SSC display, further removal of cell debris and impurities. The
remaining cells were gated P3. D Granulocytes, lymphocytes, and
monocytes were gated within the gates of P6, P4, and PS5, respec-
tively, and dim expression of the CD45 antigen cells was gated

of MM at (SD + PD) stage, we found an increased expres-
sion of SRRM2 on granulocytes and monocytes and an
increased positive rate, which was still lower than the
expression of SRRM?2 on plasma cells, and the difference
was statistically significant. Meanwhile, we found that

within the gate of P7. E P7 was plotted on a CD38/CD138 display.
The plasma cells (Q1-UR) were then identified by positive expres-
sion of CD38 and CD138. F Q1-UR were plotted on a ISO-FITC/
SSC display to determine the negative boundary for plasma cells and
nonspecifically positive isotype Control cells were gated P8. G, H, I
P6, P5, and P4 were plotted on a ISO-FITC/SSC display, respectively,
to determine the negative boundaries for granulocytes, lymphocytes,
and monocytes

in the CR subgroup of MM, although the expression of
SRRM2 on plasma cells was higher than that on other
normal blood cells, the difference between SRRM2 expres-
sion on plasma cells and granulocytes was not statistically
significant.
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Fig.3 SRRM2 antibody staining tubes were used to determine the
percentage of positivity for each cell population using ISO as a base-
line (Tube 2). A, All nucleated cells were gated P1 after removing
adhesion cells and impurities. B, P1 was plotted on an FSC versus
SSC display with cell debris removed. The remaining cells were
gated P2. C, P2 was plotted on a CD45 versus SSC display, further
removal of cell debris and impurities. The remaining cells were gated
P3. D, Granulocytes, lymphocytes, and monocytes were gated within
the gates of P6, P4, and P5, respectively, and dim expression of the

Relationship between SRRM2 expression on plasma
cells and patient clinical profiles in patients
with newly diagnosed MM

Patients with newly diagnosed MM were categorized into

two groups, based on the level of SRRM?2 expression on
plasma cells: SRRM2-negative (SRRM2 expression < 30%,
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CD45 antigen cells was gated within the gate of P7. E, P7 was plot-
ted on a CD38/CD138 display. The plasma cells (Q1-UR) were then
identified by positive expression of CD38 and CD138. F, Q1-UR
were plotted on a SRRM2-FITC/SSC display. The negative cutoff
value of tube 1 (ISO) was used as baseline to determine the expres-
sion of SRRM2 on plasma cells, and positive cells were gated P8. G,
H, I, P6, P5, and P4 were plotted on a SRRM2-FITC/SSC display,
respectively, to determine the percentage of cells positive for SRRM2
expression according to the negative cutoff set by tube 1 (ISO)

n=06) and SRRM2-positive (SRRM2 expression > 30%,
n=29). Patients in the SRRM2-negative group were
more likely to exhibit lower levels of p2-microglobulin
(B2-MG), lower percentages of bone marrow plasma cells
(BMPC), lower percentages of bone marrow plasma cells
counted by flow cytometry (F-BMPC), lower serum lev-
els of lactate dehydrogenase (LDH), be in ISS stages |
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Fig.4 Compare and analyze the percentage of positive expression
of various cell populations in the test tube using the homotypic con-
trol as the negative threshold Isotype control (ISO) expression at
approximately 2% in plasma cells, granulocytes, monocytes, and lym-

and II, have a standard-risk mSMART 3.0 risk stratifica-
tion, and exhibit standard-risk cytogenetic abnormalities.
Our study also revealed no significant differences between
the two groups in terms of age, sex, monoclonal globulin
type, hemoglobin level, platelet count, erythrocyte dis-
tribution width (RDW), granulocyte-to-lymphocyte ratio
(NLR), platelet-to-lymphocyte ratio (PLR), lymphocyte-
to-monocyte ratio (LMR), systemic immune inflammatory
index (SII), systemic inflammatory response index (SIRI),
albumin, tests related to renal function, serum calcium
and phosphorus levels, iron metabolism testing, folate and
vitamin B12 levels, CD56 expression in plasma cells, D-S
stage, R-ISS stage, extramedullary infiltration of myeloma,
and bone destruction (Table 1).

We compared SRRM2 expression on plasma cells with
different DS, ISS, R-ISS, mSMART 3.0, and cytogenetic
abnormalities (Fig. 8). The results showed significantly
higher SRRM2 expression on plasma cells of MM patients
with high-risk mSMART 3.0 stratification, and the differ-
ence was statistically significant. Patients with MM with
higher ISS staging and high-risk cytogenetic abnormalities
also showed higher SRRM2 expression on plasma cells.
The differences in SRRM2 expression on plasma cells in
patients with MM with different DS and R-ISS staging were
not significant.

phocytes in test tube 1 served as the baseline for assessing SRRM2
expression in the same cells in test tube 2. The percentage of SRRM2
expression in test tube 2 was determined with reference to the nega-
tive threshold established by ISO in test tube 1 for each cell type

Thirty-five newly diagnosed with MM were analyzed,
of whom 28 underwent FISH analysis for cytogenetics.
Among them, 1g21 amplification was detected in 14 cases,
P53 (17p13) deletion in 4 cases, t(4;14) translocation in 4
cases, and t(14;16) and t(14;20) translocations in each case,
while nine cases had no high-risk cytogenetic abnormalities.
Among MM patients with high-risk cytogenetic abnormali-
ties, two had 1q21 amplification accompanied by t(14;20)
translocation, one had 1q21 amplification accompanied
by t(14;16) translocation, and one had 1q21 amplification
accompanied by t(14;16) translocation and P53 deletion.
We also grouped the patients based on positive or negative
expression of SRRM2 in plasma cells and analyzed the rela-
tionship between each high-risk cytogenetic abnormality and
SRRM2 expression. The results showed that the SRRM2-
positive expression group was more likely to exhibit 1q21
amplification (Table S3).

The relationship between SRRM2 expression
on previously diagnosed MM plasma cells
and patient clinical profiles

We also analyzed the relationship between SRRM?2 expres-

sion on previously diagnosed MM plasma cells and the
clinical profiles of patients (Table 2). Previously diagnosed
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Fig.5 SRRM2 expression on multiple myeloma plasma cells. A
Expression of SRRM2 on RPMI-8226, U226, and H929 cell lines,
respectively. B Representative MM bone marrow sections were

MM was divided into four subgroups according to treatment
response and disease status: CR, (VGPR +PR), (SD +PD),
and PCL. Of the 11 PCL samples tested, five were progres-
sive from the (SD + PD) subgroup. The test data and clinical
data of these five patients were collected for inclusion in
this analysis when the patients were PCL. Our analysis sug-
gests that patients in the SRRM?2-negative group were more
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stained for HE and single immunoperoxidase labeling using anti-
SRRM?2 monoclonal antibody or ISO, respectively. All images were
magnified 40 x

likely to have standard-risk mSMART 3.0 risk stratification,
more autologous stem cell transplantation treatments, lower
percentages of bone marrow plasma cells counted by flow
cytometry (F-BMPC), and fewer relapses. Our analysis also
showed no differences between the two groups in terms of
age, sex, monoclonal globulin type, light chain type, D-S
stage, ISS stage, R-ISS stage, cytogenetic abnormalities,
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was detected in three cases, t(4;14) translocation in five
cases, t(14;16) translocation in two cases, and non-high-risk
karyotype abnormalities in 16 cases. Among the patients
with high-risk karyotype abnormalities, three cases of
1g21 amplification with t(4;14) translocation, one case of
1921 amplification with t(4;16) translocation, and one case
of 1g21 amplification with t(4;14) translocation and P53
deletion were detected. Similarly, we compared SRRM2
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Table 1 Relationship between SRRM2 expression levels on plasma cells and clinicopathological features of newly diagnosed MM

Characteristic All cases (n=35) SRRM2 negative(n=6) SRRM2 positive(n=29) P value

Age, median (range) years 63(35-84) 62(49-75) 63(35-84) 0.844

Age group, years >65 17 5 22 1
<65 18 1 7

Gender Female 18 1 17 0.088
Male 17 5 12

Type IgG 16 5 11 0.141
IgA 6 0 6
IgD 2 0 2
Light chain 11 1 10

Light chain type K 14 4 10 0.191
A 21 2 19

Hb (g/L) >85 15 2 20 0.166
<85 20 4 9

PLT (x 109/L) >100 29 6 23 0.561
<100 6 0 6

NLR, median (range) 2.15(0.79-5.96) 2.26(0.79-5.96) 2.15(1.07-3.96) 0.765

PLR, median (range) 114.6(38.83-336.49)  108.52(59.17-273.96) 117.06(38.84-336.49) 0.848

LMR, median (range) 3.65(0.73-11.27) 4.28(1.8-6.67) 3.38(0.73-11.27) 0.379

SII, median (range) 290.4(97.73-1061.4)  288.99(112.42-1061.4)  334.24(97.73-910.82) 0.729

SIRI, median (range) 0.87(0.2-4.02) 0.71(0.22-2.68) 0.94(0.2-4.02) 0.676

ALB (g/L) >35 14 1 13 0.366
<35 21 5 16

Cr (pmol/L) >117 13 1 12 0.377
<117 22 5 17

BUN (mmol/L) >8 19 2 17 0.379
<8 16 4 12

UA(pmol/L) >420 16 2 14 0.666
<420 19 4 15

RDW, median (range) % 14.4(12.2-24.2) 14.3(13.5-18.4) 14.3(12.2-24.2) 0.948

P (mmol/L) >1.51 16 2 14 0.666
<1.51 19 4 15

Ca** (mmol/L) >2.65 5 0 5 0.561
<2.65 30 6 24

Fe (pmol/L) >10.6 15 3 12 1
<10.6 11 2 9
NA 9 1 8

FEP, median (range) pg/L 372.5(8.9-25,900) 378(8.9-25,900) 367(279-3040) 0.474
NA 9 1 8

TFP, median (range) g/L 1.7(1-2.6) 1.5(1.3-1.7) 1.9(1-2.6) 0.167
NA 9 1 8

Folate, median (range) nmol/L 16.55(4.28-50.1) 12.5(6.5-18.8) 16.55(4.28-50.1) 0.462
NA 11 2 9

VitB12, median (range) pmol/L 177(111-575) 145.5(111-530) 177.5(111-575) 0.612
NA 11 2 9

B2-MG (mg/L) >4.5 25 2 23 0.043
<45 10 4 6

p2-MG, median (range) mg/L 7.02(2-65.6) 4.43(3.76-7.02) 8.3(2-65.6) 0.035

CD56 expression negative 12 3 9 0.391
positive 23 3 20
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Table 1 (continued)

Characteristic All cases (n=35) SRRM2 negative(n=6) SRRM2 positive(n=29) P value

BMPC % >20 22 1 21 0.019
<20 13 5 8

BMPC median (range) % 28(3-83.5) 13.5(3-49) 30(5.5-83.5) 0.023

F-BMPC % >10 1 23 0.007
<10 5 6

F-BMPC, median (range) % 18(2.4-62) 6.65(2.4-17) 24(3.3-6.2) 0.009

D-S Stage IA&IB+1IA&IIB 4 2 2 0.128
ITA&IIIB 31 4 27

ISS Stage I+1I 14 5 9 0.028
1 21 1 20

R-ISS Stage I+1I 15 5 10 0.169
1 14 1 13
NA 6 0 6

mSMART 3.0 High-Risk 21 1 20 0.001
Standard-Risk 5
NA 0

Cytogenetics abnormalities High-Risk 19 1 18 0.007
Standard-Risk 9 5 4
NA 7 0 7

CRP (mg/L) >5 12 1 11 0.640
<5 23 5 18

CRP median (range) mg/L 2.25(0.2-56.3) 1.95(0.2-5.1) 2.25(0.27-56.3) 0.229

LDH (U/L) >250 0 7 0.311
<250 6 22

LDH median (range) U/L 163(91-559) 135.5(91-184) 165(105-559) 0.035

Extramedullary myeloma YES 5 1 4 1
NO 30 5 25

Bone destruction >3 2 21 0.151
<3 4 8

Hb, Hemoglobin; PLT, Platelets; NLR, granulocyte-to-lymphocyte ratio; PLR, platelet-to-lymphocyte ratio, LMR, lymphocyte-to-monocyte
ratio; SII, systemic immune inflammatory index; SIRI, systemic inflammatory response index; ALB, Albumin; Cr, Creatinine; BUN, Urea nitro-
gen; UA, Uric acid; RDW, Red blood cell distribution width; P, Serum phosphorus; Ca2 +, Blood Calcium; Fe, Serum iron; FEP, Ferritin; TFP,
Transferrin; p2-MG, B2 microglobulin; BMPC, bone marrow plasma cells; F-BMPC, bone marrow plasma cells counted by flow cytometry;

CRP, c-reactive protein; and LDH, Lactate dehydrogenase

expression on previously diagnosed MM plasma cells with
different DS, ISS, R-ISS, mSMART 3.0, and cytogenetic
abnormalities (Fig. 9). The results showed that SRRM2
expression was higher on MM plasma cells in mSMART
3.0, high-risk stratification, and in the presence of high-risk
cytogenetic abnormalities, and the difference was statisti-
cally significant.

The expression of SRRM2 in plasma cells is related
to the treatment response of MM, or may have
the potential to prognosis of MM

Finally, we investigated the association between the expres-
sion of SRRM2 on plasma cells and different subgroups of
MM. Patients with MM who were followed up were divided

into five subgroups according to their disease status and
treatment response: CR, (VGPR +PR), NDMM, (SD + PD),
and PCL. As shown in the line graph of Fig. 10A, the
expression of SRRM2 on plasma cells showed a significant
increase from CR, (VGPR + PR), NDMM, (SD +PD) to
PCL subgroups. As shown in Fig. 10B, the subgroups of
PCL and progressive relapsed MM exhibited significantly
higher levels of SRRM2 expression on plasma cells than
those in remission from MM. In addition, PCL showed sig-
nificantly higher SRRM?2 expression on plasma cells than in
newly diagnosed MM. All of these differences were statisti-
cally significant. The above analysis indicates that through
follow-up testing of 71 samples from 64 patients with MM,
SRRM2 expression on plasma cells in MM was correlated
with the response to treatment of the disease. The expression
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Fig.8 Differences in SRRM2 expression on plasma cells in newly diagnosed MM in different stages, prognostic stratification systems, and
cytogenetic abnormalities, as well as illustrations showing representative flow cytometry analysis of each group

of plasma cell SRRM2 significantly increased in relapsed
progressive MM and PCL. In addition, in follow-up monitor-
ing, five MM patients progressed to PCL, and we compared
the expression levels of SRRM2 in plasma cells before and
after disease progression in these five patients. The results
showed that the expression of SRRM2 in plasma cells had
an increasing trend during the progression from MM to
PCL (Fig. 10C). This suggests that the dynamic increase in
SRRM2 expression in plasma cells may be associated with
disease progression. Although the follow-up time of clini-
cal patients is limited and the survival prognosis of patients
cannot be analyzed, we tried to analyze the relationship
between SRRM2 at the gene level and the survival progno-
sis of MM patients through public data sets. Interestingly,

@ Springer

Kaplan—Meier plotter analysis suggested that SRRM2
expression showed different or even opposite correlations
with MM prognosis in different data sets (Fig. 10D, E).

Discussion

SRRM?2, as a marker of nuclear speckles, is an important
splicing factor in spliceosomal structures, and its dysfunc-
tion and mislocalization are associated with various human
diseases [19-22]. This study provides evidence for SRRM2
expression on the surface of aberrant plasma cell mem-
branes by designing a flow cytometry protocol to detect
SRRM2 expression in MM cell lines and on the surface of



Clinical and Experimental Medicine (2024) 24:28

Page130f 17 28

Table 2 Relationship between SRRM?2 expression on previously diagnosed MM plasma cells and the patient’s clinical profile

Characteristic All cases (n=47) SRRM2 negative(n=38) SRRM2 P value
positive(n=39)

Age, median (range) years 64(39-81) 62(45-73) 64(39-81) 0.815

Age group, years > 65 years 21 3 18 0.653
<65 years 26 5 21

Gender Female 18 3 15 0.959
Male 29 5 24

Type IgG 20 1 19 0.101
IgA 11 1 10
IgD 5 0
Light chain 10 5
Dual Cloning 1 1

Light chain type K 21 4 17 0.74
A 26 4 22

F-BMPC % >10 21 1 20 0.044
<10 26 7 19

F-BMPC, median (range) % 8.6(0.1-77) 0.65(0.1-50) 10(0.2-77) 0.034

D-S Stage [A&IB +ITA&IIB 5 1 4 0.851
MTA&IIIB 42 7 35

ISS Stage I+11 22 4 18 0.843
i 25 4 21

R-ISS Stage I+1I 22 6 16 0.116
i 15 1 14
NA 10 1 9

mSMART 3.0 High-Risk 23 2 21 0.042
Standard-Risk 14 5 9
NA 10 1 9

Cytogenetics abnormalities High-Risk 19 2 19 0.095
Standard-Risk 9 5 11
NA 10 1 9

Extramedullary myeloma YES 6 1 5 0.98
NO 41 7 34

Hepatitis B YES 7 1 6 0.835
NO 40 7 33

Gastritis/gastric ulcer YES 9 1 8 0.6
NO 38 7 31

Herpes YES 4 1 3 0.657
NO 43 7 36

Thyroid function Normal 18 4 14 0.484
Anomalies 9 1 8
NA 20 3 17

Autologous transplant YES 7 3 4 0.049
NO 40 5 35

Recurrence >1 22 1 31 0.001
<1 25 7 8

plasma cells and other normal blood cells during plasma
cell dyscrasias. In this study, we found that SRRM2 is
expressed on the surface of plasma membranes in various
MM cell lines. Clinical testing of patients showed high

expression of SRRM2 on plasma cells in various plasma
cell dyscrasias, including reactive plasma cells, while its
expression on other normal blood cells is rare. Further-
more, our research demonstrated that SRRM?2 expression

@ Springer



28 Page 140of 17

Clinical and Experimental Medicine (2024) 24:28

. o .
\ I+11/Standard-Risk 1l1/High-Risk
ISO SRRM2 I1SO SRRM2
© e < - R
2 YPRTE B 1) B3 e 2 FoRT o5 . p=015
=L 24 i 0
S 60
- BT % d
D-S 21 by §
@x 4
N . &
2y 24 =
|
e v ® - , M "
500 1000 500 1000 500 1000 D-S Stage
2 Faioem B 2wy 2 Trai % p=0%
24 ‘24 § o
ISS % g
- - g 40
N &
23 20
A
- k] v e . e . 1l "
500 1000 500 1000 500 1000 500 1000 1SS Stage
e % % p=043
Py 5 " 100
o LD i Pa(1 86%) Pa(es 66%)
[ = =R 4 e 1 2y § 80
= :
60
R-ISS ] ] g
é 40
® K-} o @
k) . k) . e e 1ol "
. 500 1000 500 1000 & 500 1000 500 1000 R-ISS Stage
2 poaTm 2 PEEzE 2 FaT ? Fomo50%) o6 -
R EE k] E KR % e
. 3 5o
mSMART %] ®] %] g
| g "
® 3 e 1 24 -
L —
e r k-1 . e . ‘e r Standard-Risk  High-Risk
500 1000 500 1000 500 1000 500 1000 mMSMART 3.0 risk stratification
% 2y ® % p=003
2 yazor 5%} ™ FPor.86%) Poroe.53%) 100 Ce—
EE ) e * i i
< H
Cytogenetics - ] ] . § &
abnormalities g w0
® 1 24 ® 3 20
% “ " —
k) v e T 2 T e T Standard-Risk  High-Risk
500 1000 500 1000 500 1000 500 1000 Cytogenetic abnormalities
SSC-A (X10%) >
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was significantly higher on abnormal plasma cells, such as
those in MM, than on normal plasma cells, such as reac-
tive plasma cells. High expression of SRRM?2 on plasma
cells has diagnostic value in clonal plasma cell dyscrasias
and newly diagnosed MM. Additionally, in cases of clonal
proliferation of plasma cells, such as in MM, SRRM2 is
rarely expressed on other normal blood cells, including
granulocytes, monocytes, and lymphocytes. These findings
suggest that SRRM2 may be a promising target antigen
for novel immunotherapeutic approaches for MM, such as
immunoglobulin-based therapies or immune cell therapies,
like CAR-T cell therapy. Current data from MM cell lines
and clinical patient samples provide fundamental real-
world evidence of the feasibility and safety of targeting
SRRM?2 for immunotherapy in MM.

High expression of SRRM2 in plasma cells of newly diag-
nosed MM patients is associated with poor prognosis indica-
tors, including elevated levels of serum f2-MG and LDH,
higher ISS stage, increased risk of high-risk mSMART 3.0
risk stratification, and increased risk of cytogenetic abnor-
malities. This suggests that SRRM?2 expression may be prog-
nostic in MM, although longer follow-up is needed to deter-
mine its association with progression-free survival (PFS)
and overall survival (OS). Elevated bone marrow infiltration
was also observed in patients with high SRRM?2 expression,
indicating that SRRM?2 may affect the activity and prolif-
eration of MM plasma cells. Moreover, MM patients with
SRRM2 positive expression on plasma cells had a higher
incidence of 1q21 amplification, which is a common second-
ary cytogenetic abnormality associated with poor prognosis,
drug resistance, and disease progression [23]. However, the
specific genes driving high-risk disease progression associ-
ated with 1q21 amplification have not been fully identified
yet [24]. SRRM2, as an important splicing factor in splicing
complex structures, may play a role in 1q21 amplification
when its function is impaired or mislocalized, which needs
further investigation.

The severity of anemia and hypercalcemia are poor prog-
nostic factors for MM, and there is also evidence that inflam-
matory markers and some iron metabolism-related markers
are associated with prognosis in MM [25-29]. We investi-
gated the correlation between SRRM2 expression in plasma
cells and various inflammatory markers such as NLR, PLR,
LMR, SII, SIRI, RDW, and CRP, iron metabolism-related
markers, and markers of calcium-phosphate metabolism and
kidney function in newly diagnosed MM patients. However,
we observed no significant differences in the expression of
these markers between the SRRM2-negative and SRRM?2-
positive groups, indicating that SRRM2 may not be strongly
associated with these factors in the development and pro-
gression of MM. Our study results suggest that the prognos-
tic relevance of SRRM2 in MM may have some limitations
due to the reasons mentioned above.

In addition, analysis of MM during treatment has shown
that despite the influence of different treatment plans and
response stages, MM patients with high expression of
plasma cell SRRM2 still exhibit higher mSMART 3.0 risk
stratification and cytogenetic abnormality risk. The consist-
ency between plasma cell SRRM2 expression and mSMART
3.0 risk stratification and cytogenetic abnormalities suggests
that plasma cell SRRM2 expression could even serve as a
good indicator for MM risk stratification. Despite the influ-
ence of treatment, MM patients with high SRRM?2 expres-
sion still showed a higher proportion of plasma cell infil-
tration, indicating that SRRM2 expression in plasma cells
may affect their proliferation and invasion. Our analysis
also showed that patients with MM who received autolo-
gous stem cell transplantation had lower levels of SRRM?2
expression in plasma cells. Furthermore, high plasma cell
SRRM2 expression was associated with a higher number
of relapses in previously diagnosed MM patients, suggest-
ing that refractory relapsed MM may have high plasma cell
SRRM2 expression.

Compared with patients with MM at diagnosis, most
patients with MM who achieve CR, VGPR, or PR show
decreased levels of plasma cell SRRM2. Conversely,
higher levels of SRRM?2 were detected in the plasma cells
of patients with PD relapse and PCL. The expression level
of SRRM2 in plasma cells of MM patients may be associ-
ated with disease relapse and progression, and patients with
high expression of SRRM?2 in plasma cells may be more
prone to transformation into PCL. Follow-up of MM patients
who progress to PCL revealed an upward trend in SRRM?2
expression on plasma cells, further demonstrating the rela-
tionship between SRRM?2 expression and disease progres-
sion as well as plasma cell invasive properties in MM.
Finally, we showed through public data set analysis that the
expression of SRRM2 at the gene level shows different or
even opposite correlations with MM prognosis in different
data sets. This indicates that the high expression of SRRM?2
on plasma cells may not be caused by high expression at the
gene level. We speculate that in MM, abnormal localization
of nuclear export of SRRM?2 in abnormally proliferating
clonal plasma cells may occur through certain mechanisms,
which requires further mechanistic exploration.

Conclusion

In summary, we demonstrated that SRRM2 is a novel biomarker
for MM and has the potential to serve as a target for immu-
notherapy in this disease. The expression level of SRRM2 on
plasma cells can aid in risk stratification and monitoring of
treatment responses in MM. Additionally, we hypothesize that
SRRM?2 expression may be associated with the prognosis of
MM and the proliferation and invasive properties of plasma
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cells. We look forward to multicenter verification of this find-
ing and at the same time carry out in vivo and in vitro studies to
further explore the biological function and clinical significance
of SRRM2 expression on plasma cells.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10238-023-01272-1.
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