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Abstract

The tumor microenvironment is continuously shaped by reciprocal interactions between malignant
cells and stromal components, with mesenchymal stem cells (MSCs) serving as key regulators of
extracellular matrix (ECM) deposition and remodeling. In this study, we examined how cancer cell-
derived secretomes from two hematological cancer cell lines, RPMI 8226 (multiple myeloma) and
HG-3 (B-cell leukemia), influence the functional behavior of human adipose-derived MSCs (AD-
MSCs). Exposure to these secretomes altered MSC proliferative capacity (2x faster doubling
compared to the control), induced senescence (~3-4x higher than that of the control), and significantly
modified MSC mediated collagen remodeling, as quantified using FITC-collagen coated substrata.
Tumor conditioned media also reduced MSC spreading area (~2100 pm? compared to the control
~2500 pm?) and induced distinct morphological changes indicative of a possible shift toward a cancer
associated stromal phenotype. To assess the stability of these changes, MSCs were analyzed following
a withdrawal of the cancer cell secretomes and further cultured in secretome-free environment, which
revealed that most phenotypic and functional alterations were maintained and that the
reprogramming is partially irreversible. These findings also demonstrate that the paracrine factors
released by RPMI 8226 and HG-3 cells modulate MSC functionality upon interaction with collagen,
providing insight into stromal contributions to tumor progression.

Keywords: tumor microenvironment; mesenchymal stem cells (MSCs); cancer cell secretome; MSC
reprogramming; collagen remodeling; multiple myeloma and B-cell leukemia cell lines

1. Introduction

Mesenchymal stromal/stem cells (MSCs) are key regulators of tissue homeostasis and repair,
owing to their multipotent regenerative potential, immunomodulatory properties and capacity to
remodel the extracellular matrix (ECM) [1]. In recent years, increasing attention has been directed
toward the remarkable plasticity of MSCs within pathological environments, particularly in the
context of cancer.
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The concept that tumors can recruit and reprogram MSCs into a pro-tumorigenic stromal
population emerged in the early 2000s, when MSCs were first shown to home to sites of inflammation
and neoplasia [2,3]. In this work we refer to this cell population as cancer-associated MSCs (CA-
MSCs), even though the terms tumor-associated MSCs (TA-MSCs) and transformed MSCs are also
widely used in the literature [4,5].

Subsequent studies demonstrated that once within the tumor microenvironment, MSCs undergo
profound transcriptional, epigenetic, and functional reprogramming, acquiring immunosuppressive,
angiogenic, and metastasis-supporting properties [6-9]. These findings established CA-MSCs as key
architects of the tumor niche, capable of shaping malignant progression through reciprocal
interactions with cancer cells. In this context, CA-MSCs help organize the tumor niche and modulate
cancer progression [10,11], whereas cancer-associated fibroblasts (CAF), which have also been
extensively studied, provide a similar and potentially complementary stromal influence. Yet their
exact relationship remains uncertain because definitive CAF markers are still lacking [4,12-14].

Tumors actively reshape their microenvironment through a complex mixture of soluble factors,
extracellular vesicles, cytokines, and matrix-modifying enzymes, collectively recognized as cancer
cell secretome [15]. These paracrine signals can profoundly alter the phenotype and the function of
resident or recruited stromal cells, including MSCs, driving their conversion into CA-MSCs, or CAF
[16-18]. Nonetheless, CA-MSCs have emerged as critical contributors to tumor progression. They
promote cancer cell proliferation, angiogenesis, immune evasion, and metastatic dissemination
through secretion of pro-tumorigenic cytokines, remodeling of the ECM, and modulation of cancer
cell mechanics [19]. Senescence is a particularly intriguing outcome of tumor-induced MSC
reprogramming. While senescent MSCs exhibit reduced proliferative capacity, they often display a
senescence-associated secretory phenotype (SASP) that enhances inflammation, ECM degradation,
and tumor progression [20-22]. Paradoxically, several studies report that tumor-derived factors can
simultaneously stimulate MSC proliferation and induce stress-related senescence markers,
suggesting a dynamic transition from a proliferative burst to stress-induced premature senescence
(SIPS) [23]. This dual behavior reflects the complex interplay between mitogenic and stress-inducing
signals within the tumor microenvironment. This highlights the central role of the cancer cell
secretome in shaping stromal cell behavior.

Hematological malignancies such as multiple myeloma and B-cell leukemias exhibit a
pronounced dependence on their microenvironment, where stromal cells promote tumor survival,
therapeutic resistance, and immune evasion [24-26]. Myeloma cells, for instance, release interleukin
(IL) 6, transforming growth factor beta (TGF-f3), vascular endothelial growth factor (VEGF) and
exosomal micro ribonucleic acid (miRNAs) that reprogram bone marrow—derived MSCs (BM-MSCs)
toward a senescent, pro-inflammatory and ECM-remodeling phenotype [27,28]. Likewise, leukemic
B cells secrete soluble mediators capable of altering MSC proliferation, migration, differentiation, and
matrix-degrading activity [29-31]. Given this strong niche dependency within the pathological bone-
marrow environment, an important question is whether malignant hematologic cells exert
comparable effects on MSCs from non-marrow tissues, such as adipose-derived MSCs (AD-MSCs).
The presence of extramedullary myeloma and leukemic infiltration into adipose-rich tissues further
suggests that AD-MSCs may represent alternative stromal targets relevant to disease dissemination.
Yet, the impact of cancer-derived secretomes on the functional behavior of AD-MSCs—a widely
distributed, readily accessible, and clinically relevant MSC population, remains poorly characterized.
Moreover, because many clinical-grade MSC products originate from adipose or umbilical-cord
tissue, understanding how myeloma or leukemia cells modulate these MSC types has direct
implications for the safety and design of MSC-based therapies.

In this study, we investigated how cancer cell secretomes derived from two hematological cancer
cell lines—RPMI 8226 (multiple myeloma) and HG-3 (B-cell leukemia)—affect key functional
properties of human AD-MSCs. We examined changes in cell adhesion and spreading area,
proliferation, senescence induction, and ECM remodeling using FITC-collagen as model system.
Furthermore, we assessed whether these tumor-induced phenotypic alterations persist after removal
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of the secretome, providing insight into the stability of MSC reprogramming. Understanding how
hematological cancer cell secretomes modulate AD-MSC behavior may shed light on the mechanisms
underlying TA-MSC formation and reveal new aspects of stromal involvement in cancer progression.

2. Materials and Methods
2.1. Cells and Culturing
2.1.1. Cancer Cell Lines

The human multiple myeloma cell line RPMI 8226 (American Type Culture Collection, ATCC,
USA) and the human chronic lymphocytic leukemia cell line HG-3 (purchased by Leibniz Institute
DSMZ-German Collection of Microorganisms and Cell Cultures, Germany) were cultured in RPMI-
1640 medium supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin, and 2
mM L-glutamine (all from Sigma Aldrich, USA) in standard T25 or T75 tissue culture (TC) flasks
(Corning, USA) at a seeding density of 5 x 10° cells/ml and cultured under standard conditions (37
°C, 5% CO»).

2.1.2. Human Adipose Tissue-Derived Mesenchymal Stem Cells

Human AD-MSCs used for the experiments were obtained by Tissue Bank BulGen (Sofia,
Bulgaria) with informed consent from donors prior to liposuction. Cells were cultured in DMEM/F12
medium supplemented with 10% FBS and 1% antibiotic-antimycotic solution (all from Sigma-
Aldrich, USA) using small T25 TC flasks (Greiner Bioone, Meckenheim, Germany) in humidified
thermostat at 37 °C, 5% CO2. Medium (typically 5 ml) was replaced every 2 to 3 days until cells
reached ~90% confluency and then passaged using 0.05% trypsin/0.6 mM EDTA (Sigma-Aldrich,
USA). Cells used for experiments were between passages 4 and 6.

2.2. Accumulation of Cancer Cell Secretome

Cancer cell secretomes were obtained from human multiple myeloma cell line RPMI 8226 and
the human chronic lymphocytic leukemia cell line HG-3 under serum-free conditions. The cells were
washed with phosphate buffered saline (PBS) (Sigma Aldrich, USA) via centrifuging at 400x g, and
seeded at a density of 5 x 105 cells in 5 mL serum-free RPMI 1640 medium with 1% penicillin-
streptomycin, and 2 mM L-glutamine (all from Sigma Aldrich, USA), before being incubated for 72 h
in standard conditions (37 °C, 5% CO) to allow accumulation of soluble factors released by the cancer
cells.

Following incubation, the conditioned media were collected and cleared by centrifugation at
400x g for 10 min to remove cell debris. The resulting supernatant was subsequently concentrated 10-
times using Amicon Ultra centrifugal filters (Amicon, Schorndorf, Germany) with a 3 kDa molecular
weight cutoff, according to the manufacturer’s instructions. Fresh cell media was subjected to the
same treatment as the conditioned media, to be used later as a control. The protein concentration was
measured using Bradford assay (Sigma-Aldrich, USA) and determined to be approximately 0.5
mg/ml for both cell lines. Concentrated secretomes and empty controls were aliquoted and stored at
-80 °C until use.

2.3. Treatment with Cancer Cell Secretome

AD-MSCs were seeded in 6-well TC plates (Sensoplate, Greiner Bioone, Meckenheim, Germany)
at density of 3.3 x 10* cells/well in 2 mL DMEM/F12 with 1% antibiotic—antimycotic solution, 10% FBS
(all from Sigma-Aldrich, as stated above) and RPMI 8226/HG-3 secretome added in final protein
concentration of 0.05 mg/mL to restore the initial concentration in the cancer cell culture medium.
For a control cells were treated with 10x diluted control media concentrate (as detailed in Section 2.2).
The cells were cultured in standard conditions (37 °C, 5% CO) for 3 days to assess the “induced”
effects.
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For the evaluation of the stability of these effects (e.g., the “residual” outcome) the cells were
washed 2 times with PBS and further replaced with secretome-free media for an additional 3 days.
The initial seeding density for these conditions was 1.7 x 10*cells/well.

Media without

Addition of tumor secretome
e | RPMI 8226 or HG-3
secretomes 3 days l 3 days
N hY [N
AD-MSCs Induced effects Residual effects

Figure 1. Schematic representation of the AD-MSCs cancer cell-secretome treatment setup. The concentrated
RPMI 8226 or HG-3 secretomes were added to the cultured AD-MSCs and incubated for 3 days to evaluate the
“induced” effects. For the “residual” effects, the AD-MSCs were further incubate for another 3 days in secretome-

free medium.

2.4. Live-Dead Analysis

AD-MSCs were seeded in 6-well tissue-culture plates (Sensoplate, Greiner Bio-One,
Meckenheim, Germany) at a density of 3.3 x 10* cells/well for the “induced” samples and 1.7 x 10¢
cells/well for the “residual” samples. The lower seeding density for the residual group was used to
compensate for the additional three days of cell growth prior to treatment. Cells were then exposed
to secretome derived from RPMI 8226 or HG-3 cells at a final protein concentration of 0.05 mg/mL,
or to control medium supplemented with 10% FBS and 1% antibiotic-antimycotic solution (all
reagents from Sigma-Aldrich, USA). “Residual ” samples were handled identically for first three days,
but then switched to secretome-free medium for three more days.

Cell viability was assessed at 24 h and 72 h using the Cellstain Double Staining Kit (Sigma-
Aldrich, Cat. No. 04511) following the manufacturer’s instructions. A freshly prepared staining
solution containing Calcein-AM (labeling viable cells in green) and propidium iodide (PI) (labeling
nuclei of non-viable cells in red) was added to each well at a ratio of 10 pl per 1 ml of medium.
Samples were incubated for 15 min at 37 °C in the dark prior to imaging. Fluorescent images were
acquired using a fluorescence microscope (Thunder Imager Live Cell, Leica Microsystems,
Switzerland) with appropriate filter sets to count the percentage of live versus dead cells.

2.5. Overall Cell Morphology

To investigate the overall cell morphology after treatment (under “induced” and “residual”
conditions) AD-MSCs were seeded in 24-well glass bottomed plates (Greiner Bio-One,
Frickenhausen, Germany) pre-coated with collagen (see Section 2.7 and 2.8) at a density of 1 x 10*
cells/well and cultured for 2 h in serum-free medium before 10% FBS was added for the next 3 h.
Then the samples were fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.5% Triton
X-100 for 5 min before being washed and treated with blocking solution (10% FBS dissolved in PBS)
for 15 min. The actin cytoskeleton was visualized using Atto 633 phalloidin (Sigma-Aldrich, USA),
and the nuclei were counterstained with Hoechst 33258 (Sigma-Aldrich, 1:2000 dilution). Fluorescent
images were acquired using a fluorescent microscope (Thunder Imager as above) with 20x objective.
To determine quantitatively the cell spreading area, the CellProfiler software version 4.2.8 [32] was
used.

2.6. Cell Proliferation Assay
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AD-MSCs were treated as described in Section 2.3. To evaluate cell proliferation, samples were
analyzed after 24, 48 and 72 h of culture. At each time point, cells were fixed with 4% PFA and stained
with Hoechst 33258 (1:2000 dilution) to visualize nuclei. Fluorescence images were acquired at 10x
magnification using a Thunder fluorescent microscope as above. Quantification was performed with
CellProfiler software, enabling objective counting of nuclei across nine fields per condition from three
independent experiments. Cell doubling time was calculated using the following formula:

Doubling Time = [T x (In2)]/[In(Ne/Nb)]

where Nb is the initial cell density, Ne is the final cell density and T is the time passed between the
two measurements.

2.7. FITC-Labeling of Collagen

Collagen type I was isolated from rat-tail tendon (RTC) by acetic-acid extraction followed by
NaCl-induced salting-out, as described elsewer [33]. The collagen concentration in the resulting
solutions was determined by measuring optical absorbance at 220-230 nm.

Labeling of RTC collagen with fluorescein isothiocyanate (FITC) was performed using a
modified version of the protocol by Doyle [34]. Briefly, RTC (2 mg/mL) was dissolved in 0.05 M borate
buffer (pH 8), after which 20 ug of FITC from a 1 mg/mL dimethyl sulfoxide (DMSO) stock solution
was added. The mixture was incubated for 90 min at room temperature in the dark. The reaction was
stopped with 0.05 M Tris buffer (pH 7.4), followed by extensive dialysis against 0.05 M acetic acid to
remove unbound FITC. The molar FITC-to-protein ratio (F/P) was calculated from the UV-Vis
spectrum of FITC-RTC using the adapted formula:

F/P =F/C = (Amax x D)/e0o x CM

where Amax is the absorbance of the FITC-RTC solutions measured at 494 nm; D is a dilution factor;
€0 is the molar extinction coefficient of FITC, equal to 70,000 M- cm™'; CM is the molar collagen
concentration.

2.8. Preparation of Collagen-Coated Surfaces

FITC-collagen was dissolved in 0.5 M acetic acid to a final concentration 100 pg/mL and
centrifuged at 13,000x g for 15 min. and supernatant was collected. Then 24-well glass-bottom plates
(Greiner Bio-One, Frickenhausen, Germany) were coated with 300 uL from the collagen solution and
incubated at 37 °C for 1 h, followed by three rinses with phosphate-buffered saline (PBS).

2.9. Collagen Remodeling Assessment
2.9.1. Remodeling Upon Direct Contact with Cancer Cells

HG-3 and RPMI 8226 were seeded onto the fluorescent collagen substrate prepared as above
(Section 2.7 and 2.8) in the 24-well glass-bottom plates at a density of 4 x 10* cells/well and allowed
to attach for 2 h in serum-free medium. After the incubation-the media were collected, centrifuged at
400x% g for 5 min. to remove cell derbies for later analysis. The attached cells were fixed with 4%
paraformaldehyde and stained with Hoechst 33258 (1:2000 dilution) and Atto 633 phalloidin to
visualize nuclei and actin cytoskeleton, respectively. Imaging was performed using the inverted
fluorescence microscope Leica DM 2900 at 20x magnification. Fluorescence of the supernatants were
evaluated at 490/515 nm using the fluorometer Jasco FP-8050.

2.9.2. Cancer Cell Secretomes Induced Effect on AD-MSC Collagen Remodrling

AD-MSCs were seeded onto the fluorescent collagen substrate prepared as described in Section
2.7 and 2.8, at a density of 1 x 104 cells/well in the 24-well glass-bottom plates and allowed to attach
for 2 h in serum-free medium. Subsequently, 10% FBS was added, and the cells were further cultured
up to 5 h. Following incubation, cells were fixed with 4% paraformaldehyde and stained with Hoechst
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33258 (1:2000 dilution) and Atto 633 phalloidin (1:100 dilution) to simultaneously visualize nuclei and
actin cytoskeleton, respectively. Imaging was done using the inverted fluorescence microscope Leica
DM 2900 at 20x magnification. Image analysis was carried out using CellProfiler software version
4.2.8 [32] to quantify the dark regions corresponding to remodeled collagen within selected regions
of interest (ROIs) surrounding the cells.

2.10. Artificial Wound-Healing (Scratch) Assay

AD-MSCs were seeded in 12-well plates (Sensoplate, Greiner Bio-One, Meckenheim, Germany)
and cultured in 1 mL DMEM/F12 supplemented with 10% FBS and 1% antibiotic-antimycotic
solution. For the “induced” protocol, cancer cell secretome was added at a final protein concentration
of 0.05 mg/mL, and the cells were incubated for 72 h under standard culture conditions. After
incubation, a linear scratch was made across the cell monolayer using a sterile 200 pL pipette tip. The
cells were then washed with DMEM/F12 media once and maintained in DMEM/F12, containing 10%
FBS and 1% antibiotic-antimycotic solution. Time-lapse imaging was performed for 24 h using the
live-cell chamber of the inverted fluorescence microscope (Thunder Imager Live Cell, Leica
Microsystems, Switzerland), acquiring images at 10x magnification.

For the “residual” protocol, after 72 h of secretome exposure, the secretome-containing medium
was removed, and the cells were washed twice with PBS before being supplied with fresh, secretome-
free medium and cultured for an additional 3 days. The scratch assay was then performed as
described above.

Wound-closure dynamics were quantified using Image] software version 1.54p (Wayne
Rasband, National Institute of Mental Health, NIH, Bethesda, MD, USA) with the high-throughput
scratch-assay analysis plugin [35]. The percentage of wound closure was calculated as:

%Closure = [(Ao — Ar)/Ad] x 100

where Ao is the wound area at 0 h and At is the area at time t.

2.11. Statistical analysis

Statistical analyses were performed using GraphPad Prism 8 (GraphPad Software, Boston, MA,
USA). Data are presented as column bar graphs, line graphs and scatter plots with individual points
representing independent replicates and are show either as mean + standard deviation (SD) or
median + interquartile range (IQR). Normality was assessed using the Shapiro-Wilk test, which was
followed by an evaluation of variance homogeneity with Bartlett’s test. Mauchly’s test was used to
evaluate compliance with the sphericity assumption. The statistical tests applied, the corresponding
significance levels, and the number of replicates is reported in the respective figures’ legends.

3. Results

Although the primary aim of this study is to determine the paracrine influence of cancer cell-
derived secretomes MSCs behavior and their capacity to interact with and remodel the ECM, it was
first necessary to establish the direct effect of the cancer cells themselves during their adhesive
interaction with the ECM, specifically with its principal structural component—collagen. Defining
this baseline allows us to distinguish and interpret effects that require direct physical contact with
cancer cells from those mediated exclusively by their secreted paracrine factors.

3.1. Direct Interaction of Lymphoma and Myeloma Cells with Collagen

To this end, we examined the direct collagen-remodeling activity of RPMI-8226 myeloma cells
and HG-3 B-cell leukemia cells using FITC-collagen-coated substrata as a model system. Although
these cells are typically weakly adhesive and therefore easily maintained in suspension, as shown in
Figure 2A, images (a) and (b), respectively, both types of cells readily formed limited adhesive
contacts even with tissue-culture plastic, presumably using some adsorbed serum-derived proteins.

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 2. Direct interaction of lymphoma cells with collagen establishes a baseline for distinguishing contact-
dependent from paracrine effects. (A) Representative phase-contrast images of RPMI-8226 (a) and HG-3 cells (b),
illustrating their ability to form transient adhesive contacts with tissue-culture plastic despite being
predominantly suspension-growing cell lines. Images were acquired directly from culture flasks at 20x
magnification. (B) Cancer cells were allowed to attach for 2 h to FITC-collagen—coated substrate in serum-free
medium. The associated collagen remodeling (green) is presented (a—c) and merged images with actin (red) and
nuclei (blue) are also shown (e,d). Image (a) is the plain substrate, (b,e)—RPMI 8226, and (c,f)—HG-3
remodeling. Yellow arrows indicate cell attachment locations corresponding with higher substrate fluorescent
intensity. White arrows indicate places where cells have transiently adhered and were subsequently washed
away, leaving a visible remodeled region. Yellow asterisks denote diffuse darker “shadow-like” regions in the
substrate. (d) Fluorescence measurements of the collected supernatants demonstrate increased release of FITC-
collagen fragments in the presence of cancer cells compared with collagen-only (Plane) controls. Data are
presented as mean * SD (n = 4). Statistical significance was assessed using one-way ANOVA, followed by
Tukey’s multiple comparisons test. Asterisks denotes statistical significance of p < 0.01 (**), and p < 0.001 (***).
Scale bar: 50 um (Panel (A)); 200 um (Panel (B)).

To model the specific interaction of cancer cells with a collagen matrix, we used FITC collagen—
coated substrata. The FITC-labeled collagen used in these assays exhibits partial fluorescence
quenching due to the high local density of fluorophores along the collagen fibrils. Such closely spaced
FITC molecules undergo mutual short-range energy transfer, resulting in self-quenching consistent
with established Forster (FRET-mediated) quenching mechanisms[36]. As shown in Figure 2B, once
attached, the cancer cells induced pronounced enzymatic remodeling of the underlying collagen
substrate, evidenced by marked local de-quenching and sharply increased green fluorescence
beneath the cells (yellow arrow), with their positions confirmed in the merged actin/nucleus images
(Figure 2B(e,f)). In addition to these bright remodeling zones, numerous fainter, cell-shaped patterns
were visible, presumably corresponding to regions where cells had transiently adhered and were
subsequently washed away, leaving behind areas of moderately de-quenched collagen (white
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https://doi.org/10.20944/preprints202603.1408.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 18 March 2026 d0i:10.20944/preprints202603.1408.v1

8 of 20

arrows). This remodeling activity was more pronounced in the RPMI 8226 samples (Figure 2B(b,e)),
although discrete de-quenching spots were also detectable beneath several HG-3 cells (Figure 2B(c,f)).
In both cell types, diffuse darker “shadow-like” regions of FITC-collagen degradation marked with
(*), not associated with any current cell body, were also observed. Consistent with these observations
are the fluorescence measurements in the culture supernatant showing a significantly increased FITC
fluorescence signal in the presence of cells compared with the spontaneous release from substrata
alone (Figure 2B(d)) indicating a significantly increased release of fluorescent collagen fragments into
the medium.

3.2. Cancer Cell Secretome-Induced Morphological Changes in Mesenchymal Stem Cells

Building on the above observations, we next investigated how cancer cell-derived secretomes
can reprogram AD-MSCs in terms of their morphology, survival, proliferative behavior, and ECM-
remodeling activity. To distinguish immediate from persistent effects, the experimental design
incorporated two conditions: (i) MSCs cultured directly with cancer cell secretomes for 72 h
(“induced”), allowing assessment of the direct paracrine influence of the secretome; and (ii) MSCs
subsequently cultured for an additional 72 h in secretome-free medium (“residual”), enabling
evaluation of lasting secretome-induced alterations. Because individual MSC populations exhibit
substantial variability in morphology, growth kinetics, and functional output, we used CellProfiler-
based quantitative analysis to obtain an objective assessment of these parameters. The resulting data
are presented in the corresponding graphs, which illustrate the magnitude and statistical significance
of the effects induced by both cancer cell secretomes.

3.2.1. Morphology of AD-MSCs upon Indirect Contact with Cancer Cell Secretome

As shown in Figure 3 upon adhesion to collagen both, RPMI 8226 and HG-3 cancer cell
secretomes alter the overall morphology of stem cells, particularly their size (Figure 3B,C) compared
to Plain control (Figure 3A) consistent with the significant reduction of cell spreading area (Figure
3G).
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Figure 3. Alterations in AD-MSCs morphology induced by myeloma (RPMI 8226) and leukemia (HG-3)
secretomes after 5 h of incubation on collagen coated surfaces. Fluorescence images of AD-MSCs cultured for 3
days in control medium ((A), Plain) or in the presence of RPMI 8226 (RPMI; (B)) or HG-3 secretomes (HG; (C))
termed “induced”. Cells treated under the same conditions, followed by an additional 3-day culture in
secretome-free medium (Residual—(D-F)) to assess the persistence of secretome-induced effects. Cells were
stained for actin (red) and nuclei (blue). Diagrams show the corresponding distribution of cell spreading areas
for “induced” (G) and “residual” (H) culture protocols. Data are presented as median + IQR (1 = 400). Statistical
analysis was performed using Kruskal-Wallis followed by Dunn’s multiple comparisons test. Asterisks indicate
statistical significance at p <0.001 (***). Scale bar: 20 um.

Conversely, when the same samples were cultured for an additional 3 days under secretome-
free conditions (looking for persistent effects), the cells partially reverted (Figure 3E,F) toward a
control-like morphology (Figure 3D). Notably, however, MSCs pre-exposed to RPMI 8226 secretome
(Figure 3E) retained a significantly larger cell spreading area compared to both control and HG-3
samples (Figure 3D).

3.2.2. Cell Proliferation Assay and Senescence

Cell proliferation was evaluated morphologically via counting the cells per field at 24, 48 and 72
h under both “induced” and “residual” conditions as defined above.

The data in Figure 4 show that AD-MSCs more than double their proliferation rate (Figure 4 B)
when directly exposed to secretomes from either RPMI 8226 or HG-3 cell lines (“induced”, as defined
above). This accelerated growth results in a significant reduction in cell doubling time compared with
untreated control cells (graph A).
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Figure 4. Cancer cell secretomes from myeloma (RPMI 8226) and leukemia (HG-3) cell lines promote accelerated
proliferation and premature aging in AD-MSCs. Cells were analyzed after 72 h of secretome exposure
(“induced”; panels (A,B)) and after an additional 72 h of subculture in secretome-free medium (“residual”;
panels (C,D)). Samples treated with RPMI 8226 secretome are shown in blue (RPMI), whereas those treated with
HG-3 secretome are shown in green (HG). AD-MSCs maintained in control medium are depicted in red and
labeled as “Plain.” Cell doubling time was calculated over the full 72-hour period (panels (A,C)), while the
corresponding proliferation curves (B,D) present normalized cell density per image, with statistical comparisons
performed at the 72-hour time point. Senescence levels (% (-galactosidase—positive cells at the 72-hour time
point) are shown in panel E under both “induced” (Ind) and “residual” (Res) conditions. Data are presented as
mean += SD (n = 4). Statistical significance was determined using one-way ANOVA with Tukey’s multiple
comparisons test. Asterisks indicate statistical significance: p < 0.05 (*), p < 0.01 (**), p < 0.001 (***).

However, when AD-MSCs exposed to secretomes are subsequently cultured in secretome-free
medium (“residual” conditions), their behavior diverges depending on the source of the secretome.
Cells pre-treated with RPMI 8226 secretome largely recover their proliferative capacity, returning to
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levels close to the control (Plain). In contrast, cells pre-treated with HG-3 secretome show a sustained
reduction in proliferation at all measured time points (Figure 4D), leading to a significant increase in
doubling time (Figure 4C). This pattern indicates a clear residual effect specifically associated with
HG-3 secretome exposure.

Senescence analysis (Figure 4E) further supports this interpretation. Under residual conditions,
both RPMI 8226 and HG-3-derived secretomes induce a marked increase in senescent cell numbers.
Under direct (“induced”) treatment, senescence levels are still significantly elevated compared with
controls, but remain relatively low. These findings suggest that the senescent phenotype is not the
result of acute cytotoxicity from the secretomes. Instead, it appears linked to a longer-term functional
reprogramming of AD-MSCs toward a cancer-associated phenotype.

3.2.3. Live/Dead Assay

To further rule out the possibility that cancer cell-derived secretomes exert direct cytotoxic
effects, particularly imaginable under direct exposure (“induced” conditions), we performed a
viability (live/dead) assay at 24 and 72 h. The assay was conducted under both “induced” and
“residual” conditions.

As seen in Figure 5, across all treatments settings and time points, AD-MSC viability remained
consistently high (99-100%), with most cells stained in green and only sparse appearance of red
colored nuclei (Figure 5A,B right rows) and no significant differences compared to controls (Figure
5C,D). These findings confirm the absence of both immediate and residual cytotoxicity from the
cancer cell secretomes.
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Figure 5. AD-MSCs maintain high viability when exposed to cancer cell secretomes from myeloma (RPMI 8226)
and leukemia (HG-3) cell lines. Fluorescent live/dead images are shown for all experimental conditions (Plain,
RPMI 8226-treated, and HG-3-treated) under both “induced” (A) and “residual” (B) settings. Images were
captured at 10x magnification at the 72-hour time point and display viable Calcein-AM—positive cells (green)
and dead ethidium-bromide—positive cells (red). Quantitative analyses of AD-MSC viability is presented under
“induced” (C) and “residual” (D) conditions at 24- and 72-hour time points, respectively. Data are shown as
mean + SD (1 =4). Error bars exceeding 100% were truncated at the upper limit of the scale. Statistical significance

was assessed using one-way ANOVA followed by Tukey’s multiple comparisons test. Scale bar: 100 um.

3.2.4. Stem Cells Collagen Remodeling

When AD-MSCs were cultured under “induced” conditions (Figure 4A), exposure to HG-3
secretome resulted in markedly greater collagen substrate remodeling compared with both the Plain
control and RPMI 8226-treated cells. This enhanced matrix-remodeling activity was confirmed
morphometrically, showing a statistically significant increase in remodeled area (Figure 6B).

In contrast, under “residual” conditions, both HG-3- and RPMI-derived secretomes induced
substantially higher levels of collagen reorganization relative to control cells (Figure 4C).
Morphometric analysis again verified these differences as statistically significant (Figure 4D).
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Figure 6. FITC-collagen remodeling by AD-MSCs after exposure to cancer cell secretomes from myeloma (RPMI
8226) and leukemia (HG-3) cell lines. Representative fluorescence micrographs of AD-MSCs cultured for 5 h on
FITC-collagen substrates under control conditions or after treatment with RPMI 8226- or HG-3-derived
secretomes. Cells were analyzed under both “induced” (A) and “residual” (C) protocols. To visualize cell
morphology, fixed samples were stained for actin (red) and nuclei (blue), overlaid on the fluorescent background
of adsorbed FITC-collagen (green) (upper panels in (A,C)). CellProfiler software was used to identify remodeled
collagen regions (light blue) and superimpose them onto cell boundaries (orange) to quantify the ratio of
remodeled collagen area to cell spreading area (CSA). Quantification of collagen remodeling is shown for
“induced” (B) and “residual” (D) conditions, with data presented as mean + SD (1 = 6). Statistical analysis was
performed using one-way ANOVA followed by Tukey’s multiple comparisons test. Asterisks indicate statistical
significance: p < 0.001 (***). Scale bar for panels (A,C): 20 pm.

3.2.5. Cell Mobility Testing

To follow the AD-MSCs motility response the classical scratch assay was employed. AD-MSCs
were seeded on standard 6-well TC plates and cultured according to the diferent conditions described
above. After the scratch was applied the cells were observed for up to 24 h in a humidified chamber
of an inverted microscope using phase contrast.

As shown in Figure 5, AD-MSCs significantly increase both their wound-closure speed and the
extent of wound closure under both “induced” and “residual” conditions compared with control
cells. Notably, RPMI secretome produces an even stronger pro-migratory effect—nearly twice as
pronounced as the other treatments.
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Figure 7. AD-MSC migration accelerates after treatment with cancer cell secretomes from myeloma (RPMI 8226)
and leukemia (HG-3) cell lines. Representative phase-contrast images from wound-healing assays performed
under “induced” (A) and “residual” (D) conditions. An orange line marks the initial wound area as well as the
closed region at the endpoint. “Plain” denotes untreated control cells, while “RPMI” and “HG” indicate
treatment with the corresponding cancer cell-derived secretomes. Presented images were captured at 0 h and 24
h. Graphs (B,E) show the percentage of wound closure at the 24-hour time point. Graphs (C,F) depict changes
in migration speed over time (0, 12, and 24 h), analyzed at the experimental endpoint. Data are presented as
mean + SD (n = 4). Statistical analysis was performed using one-way ANOVA followed by Tukey’s multiple
comparisons test. Asterisks indicate statistical significance at p <0.05 (*) and p <0.01 (**), p <0.001 (***). Scale bar:
100 pm.
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4. Discussion

The present study demonstrates that cancer cell-derived secretomes from two B-cell
malignancies, RPMI-8226 (multiple myeloma-derived) and HG-3 (CLL-derived), profoundly
reprogram AD-MSCs, altering their morphology, proliferative dynamics, senescence profile, motility,
and collagen-remodeling capacity. These findings align with the broader concept that CA-MSCs
undergo functional and phenotypic shifts driven by soluble factors released by malignant cells [6,37].
Importantly, our experimental design distinguished direct (“induced”) effects from persistent
(“residual”) effects, revealing that some tumor-mediated alterations are reversible, whereas others
remain imprinted even after removal of the secretome stimulus.

4.1. Cancer Cell Secretomes Induce Rapid Morphological Response of AD-MSCs

Both RPMI 8226 and HG-3 secretomes caused a marked reduction in cell spreading area and
altered overall morphology, consistent with the abrupted cytoskeletal reorganization [17] and altered
integrin signaling [38] typically observed in tumor-educated MSCs. The partial morphological
recovery after secretome withdrawal suggests that some cytoskeletal changes are adaptive rather
than permanently imprinted. However, the persistent enlargement of RPMI-preconditioned MSCs
indicates a lineage-specific or tumor-type-specific imprinting effect, in line with reports that
myeloma-derived factors induce long-lasting stromal reprogramming [39,40].

4.2. Divergent Proliferative Responses Reveal Cancer-Specific MSC Reprogramming

Direct exposure to both secretomes significantly accelerated AD-MSC proliferation, reducing
doubling time. This is consistent with the known mitogenic effects of tumor-derived cytokines such
as IL-6, IL-8, basic fibroblast growth factor (bFGF), which are abundant in B-cell malignancies [18,41-
45]. However, the residual responses diverged: (i) RPMI 8226 —preconditioned MSCs returned to
near-baseline proliferation; while (ii) HG-3 —preconditioned MSCs exhibited a sustained reduction
in growth. This dichotomy suggests that CLL-derived factors may induce a more durable anti-
proliferative or stress-associated phenotype, consistent with reports that CLL exosomes induce MSC
inflammatory phenotype, known as pro-inflammatory and pro-remodeling secretory program
(SASP) [30], reminiscent of cancer-associated fibroblasts (CAFs).

4.3. Absence of Cytotoxicity Confirms Functional, but not Lethal Reprogramming

Viability remained 99-100% across all conditions, indicating that the observed phenotypic
changes are not attributable to cytotoxicity. This aligns with the general understanding that cancer
cell secretomes rarely kill MSCs but instead rewire their signaling pathways toward tumor-
supportive phenotypes [6,17,30,46].

4.4. Cancer Cell Secretomes Enhance MSC Senescence, Particularly Under Residual Conditions

Both secretomes increased senescence during direct exposure, consistent with previous findings
that malignant B-cells induce a senescence-associated secretory phenotype (SASP) in MSCs [18,47,48].
Strikingly, senescence levels increased even further after secretome withdrawal, suggesting either: (i)
a true long-lasting reprogramming event; or (ii) a secondary effect of accelerated proliferation during
the induced phase, leading to replication-associated senescence.

Such persistent senescence is characteristic of CA-MSCs in hematologic malignancies, where
chronic inflammatory signaling drives stable epigenetic remodeling [40,49].

4.5. Collagen Remodeling is Strongly Amplified, Especially after Secretome Withdrawal

One of the most striking findings is the enhanced collagen remodeling, particularly in the
residual condition, where both secretomes induced greater ECM reorganization than during direct
exposure. This suggests that tumor-educated MSCs acquire a delayed but amplified matrix-
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modifying phenotype, consistent with the behavior of CA-MSCs in vivo [8,50]. The stronger effect of
HG-3 secretome during the induced phase, followed by a robust remodeling response from both
secretomes in the residual phase, indicates that ECM-modifying programs may require time to
consolidate and may persist independently of the initial stimulus.

The complementary initial experiment (Figure 1) assessing the direct interaction of lymphoma
cells with FITC-labeled collagen further supports the interpretation that ECM remodeling is an
intrinsic feature of malignant B-cells, rather than a phenomenon emerging solely through stromal
reprogramming. Both RPMI 8226 and HG-3 cells, despite their predominantly suspension-growing
phenotype, established transient adhesive contacts with collagen-coated substrata and induced
marked local de-quenching of FITC collagen, consistent with enzymatic degradation and
reorganization. The increased release of fluorescent collagen fragments into the medium corroborates
this remodeling activity. These findings indicate that malignant B-cells possess inherent collagen-
modifying capacity, providing a mechanistic rationale for the strong remodeling phenotype observed
in tumor-educated MSCs. The ability of tumor cells to directly reorganize collagen suggests that
paracrine factors may not only activate stromal remodeling programs but may also mirror matrix-
modifying behaviors intrinsic to the tumor cells themselves, thereby reinforcing a cooperative ECM-
remodeling axis within the tumor microenvironment.

4.6. Increased MISC Motility Supports a Cancer-Associated Stromal Phenotype

Both secretomes enhanced MSC migration in the scratch assay, with RPMI 8226 eliciting nearly
twice the response observed with HG-3. Increased MSC muotility is a characteristic feature of cancer-
associated stromal activation and is commonly driven by chemokines such as bFGF and IL-8 [18,42—
45]. The markedly stronger effect of the RPMI 8226 secretome suggests a more potent chemotactic
profile of myeloma cells compared with B-cell leukemia cells. However, interpreting this difference
remains challenging, as the interactions between malignant cells and their native stromal partners
within the bone-marrow niche are still not fully understood [49]. This uncertainty is further amplified
when considering MSCs originating from an entirely different tissue source, such as adipose tissue,
whose intrinsic signaling properties, adhesion repertoire, and responsiveness to tumor-derived cues
may differ substantially from those of bone-marrow MSCs. Nevertheless, the fact that adipose-
derived MSCs still respond robustly to these secretomes underscores the strength of tumor-driven
paracrine signaling and should be taken into account when interpreting their behavior outside their
native niche.

5. Conclusions

Collectively, our findings show that cancer cell secretomes from B-cell malignancies induce a
multifaceted reprogramming of AD-MSCs, affecting morphology, proliferation, senescence, motility,
and ECM remodeling. Importantly, several alterations persist after secretome withdrawal, indicating
stable phenotypic imprinting reminiscent of CA-MSC formation. The differential effects between
RPMI 8226 and HG-3 highlight cancer-type-specific mechanisms of stromal education. These results
support the emerging view that MSCs from non-marrow tissues, such as adipose tissue, can also be
reprogrammed into tumor-supportive phenotypes, expanding the concept of CA-MSCs beyond the
bone marrow niche.
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Abbreviations

The following abbreviations are used in this manuscript:

MSCs Mesenchymal stromal/stem cells

ECM Extracellular matrix

AD-MSCs Human adipose-derived mesenchymal stem cells
CA-MSCs Cancer-associated mesenchymal stem cells
TA-MSCs Tumor-associated mesenchymal stem cells
TME Tumor microenvironment

CAFs Cancer-associated fibroblasts

TAFs Tumor-associated fibroblasts

SASP Senescence-associated secretory phenotype
SIPS Stress-induced premature senescence

IL Interleukin

TGF B, Transforming growth factor beta

VEGF Vascular endothelial growth factor
miRNAs Micro ribonucleic acid

BM-MSCs Bone marrow-derived mesenchymal stem cells
FBS Fetal bovine serum

TC Tissue culture

PBS Phosphate buffered saline

PI Propidium iodide

PFA Paraformaldehyde

RTC Rat tail tendon

FITC Fluorescein isothiocyanate

DMSO Dimethyl sulfoxide

SD Standard deviation

IQR Interquartile range

bFGF Fibroblast growth factor

CCL Chemokine (C-C motif) ligand
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