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In the presented study we analysed the effect of histone deacetylase inhibitors (HDACi) suberoylanilide hydroxamic acid 
(SAHA) and valproic acid (VPA) on human plasma cell leukemia (PCL) cell line UHKT-944 in the presence of bone marrow 
microenvironment (BMM). For the analysis, the cells were cultured alone, with bone marrow stromal cells (BMSCs), with 
extracellular matrix (ECM) components or with interleukin-6, and treated with varied concentrations of SAHA and VPA 
for 24/48 hours. To study the effect of HDACi, we investigated cell proliferation, apoptosis, cell cycle and changes in selected 
signalling pathways. We found that both SAHA and VPA induced apoptosis, but had no effect on the cell cycle distribution of 
UHKT-944 cells. Investigation of the antiproliferative effect of SAHA and VPA revealed that BMSCs and high concentration 
of interleukin-6 had partial protective effect against SAHA or both inhibitors, respectively. No effect of ECM components on 
the efficiency of HDACi was observed. We further revealed that VPA down-regulated STAT3 phosphorylation while both 
inhibitors decreased Akt phosphorylation. In conclusion, VPA and SAHA might represent an additional therapeutic strategy 
in the PCL treatment. Protective effect of BMM should be taken into account when investigating prospective therapeutic 
agents against plasma cell disorders. 
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Plasma cell leukemia (PCL) is a  lymphoproliferative 
disorder characterized by high level of monoclonal plasma 
cells in the bone marrow and in the peripheral blood. It is 
considered to be a rare variant of multiple myeloma (MM) 
and is associated with poor prognosis with median survival 
counted in months [1, 2]. PCL can arise de novo (primary 
PCL) or as a leukemic transformation of existing MM (sec-
ondary PCL). Despite the progressive treatment approaches 
comprising novel drugs like proteasome inhibitors (PI) and/
or immunomodulatory drugs (IMIDs) as well as combina-
tion chemotherapy [3, 4, 5] and stem cell transplantation, the 
disease still remains incurable [6, 7, 8]. Histone deacetylase 
inhibitors (HDACi) are promising therapeutic agents for can-
cer treatment including multiple myeloma [9]. Inhibition of 
histone deacetylation results in an open chromatin structure 
and subsequently in changes in the gene transcription. This 
leads to apoptosis, differentiation and/or growth arrest of 
tumour cells both in vitro and in vivo [10, 11].

Suberoylanilide hydroxamic acid (SAHA) is an HDACi 
approved by the U.S. Food and Drug Administration for the 
treatment of cutaneous T-cell lymphoma. SAHA induces 
apoptosis and growth arrest in other haematological ma-
lignancies including myeloma and its efficacy increases in 
combination with other antimyeloma drugs [12, 13]. Valproic 
acid (VPA) is primarily used in the treatment of epilepsy and 
as a mood stabilising drug. It has recently been identified as 
a potential anticancer drug due to its activity as HDACi. VPA 
induces apoptosis, growth inhibition and cell differentiation 
in several types of tumours [14, 15, 16]. Synergistic effect of 
VPA and antimyeloma drugs was also reported [17].

Bone marrow microenvironment (BMM) plays a critical 
role in the pathogenesis of plasma cell neoplasms including 
MM and PCL [18]. Adhesion of malignant plasma cells to bone 
marrow stromal cells (BMSCs) contributes to the production 
of several growth factors and cytokines including interleukin-6 
(IL-6) which is considered to be one of the growth and survival 
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factors in MM [19, 20]. Stimulation of cells by IL-6 triggers 
phosphorylation of the Signal transducer and activator of 
transcription 3 (STAT3). Apart from IL-6, other growth fac-
tors as well as cytokines activate various signalling pathways 
protecting myeloma cells from apoptosis such as phosphatidyl/
inositol-3-kinase/Akt (PI3K/Akt), Ras/mitogen-associated 
protein kinase (Ras/MAPK) and NF- kappa B pathways [21]. 
Not only BMM but also oncogenic mutations are responsible 
for activation of signalling pathways involved in the tumour 
cell survival. It was reported that BMSCs can protect myeloma 
cells from drug-induced cell death and are responsible for 
myeloma drug resistance [22, 23].

In this study, we investigated the effect of SAHA and VPA on 
plasma cell leukemia cell line UHKT-944. We further focused 
on possible protective effect of BMM, especially myeloma de-
rived BMSCs, against the treatment with these inhibitors.

Materials and methods

Chemicals and antibodies. Valproic acid was purchased 
from Cayman Chemicals (Michigan, USA), SAHA was 
supplied by Alexis (San Diego, USA). SAHA was dissolved 
as 40  mM stock solution in DMSO (Sigma-Aldrich Inc., 
Missouri, USA) and stored at 4 ºC. VPA was dissolved in 
the culture medium as 300 mM stock solution which was 
prepared fresh in each experiment. The general caspase 
inhibitor Q-VD-OPh was purchased from R&D Systems 
(Minneapolis, Canada) and dissolved in DMSO as a  10 
mM stock solution and stored at – 20 ºC. Non-conjugated 
primary antibodies against pJAK2 (Tyr 1007/Tyr 1008)-R 
(Rabbit pAb sc-16566-R) were purchased from SantaCruz 
Biotechnology (Santa Cruz, CA, USA). Phospho-Akt 
(Ser473) Antibody #9271, Phospho-Stat3 (Tyr705) (3E2) 
Mouse mAb #9138, Phospho-(Ser/Thr) Akt Substrate Anti-
body #9611 and HRP conjugated secondary antibodies were 
purchased from Cell Signaling (Cell Signaling Technology, 
Inc., Danvers, MA,  USA). Anti-β-Actin antibody, Mouse 
monoclonal (clone AC-15) A1978 was purchased from 
Sigma-Aldrich.

Cell line. IL-6-dependent plasma cell leukemia cell line 
UHKT-944 was established in our laboratory in 2010 [20]. 
Cells were cultivated in RPMI-1640 medium (Biochrom, 
Berlin, Germany) supplemented with 1 ng/mL recombinant 
human IL-6 (Invitrogen, Carlsbad, CA, USA), 10% fetal 
bovine serum (Biochrom), 100 U/mL penicillin and 100 µg/
mL streptomycin (Sigma-Aldrich) in a humidified 5% CO2 
atmosphere at 37 °C.

Bone marrow stromal cells (BMSCs). Bone marrow sam-
ples were obtained from newly diagnosed patients with MM 
or patients with relapsed myeloma at the 1st Department of 
Internal Medicine, Division of Hematology, General Faculty 
Hospital (Prague, Czech Republic). Mononuclear cells were 
separated by gradient centrifugation using Histopaque®-1077 
(Sigma-Aldrich) and cultivated in a glass Erlenmeyer flask in 
RPMI-1640 medium without IL-6. BMSCs were developed 

after 1-2 weeks from the culture initiation. Non-adherent 
cells were removed and adherent cells with fibroblast-like 
morphology were cultured in IL-6 free medium until they 
reached 100% confluence. The medium was changed twice 
a  week. For the experiments, BMSCs were detached by 
Trypsin-EDTA (Sigma-Aldrich), washed once in fresh 
medium and seeded at equal cell density in 50 mL glass 
Erlenmeyer flasks.

Cell cultivation in BMSCs surroundings. UHKT-944 
cells (2.5x105cells/mL) were seeded in 50 ml glass Erlenmayer 
flasks with or without BMSCs. Cells were allowed to interact 
with BMSCs for 3 days and thereafter HDACi were added to 
reach final concentrations of 0.5 mM or 1 mM VPA and 1 µM 
or 1.5 µM SAHA. 

Cell cultivation in ECM surroundings. A tissue culture 
96-well plate was coated with MaxGel ECM (Sigma-Aldrich) 
which contains human extracellular matrix components. 
To create a three-dimensional environment we followed the 
procedure according to the manufacturer. Briefly, MaxGel 
was diluted 1:4 with medium and 75 µl of diluted MaxGel was 
added into the plate. The plate was incubated for 4 hours at 
37 °C in humidified 5% CO2 incubator. The remaining solu-
tion was removed and the plate was allowed to air- dry for 
30 minutes. UHKT-944 cells were plated at 2x104 cells/well. 
After 48 hours of incubation with ECM, HDACi were added 
to reach final concentrations of 0.5 mM or 1 mM VPA and 1 
µM or 1.5 µM SAHA. 

Cell cultivation in the presence of various concentrations 
of interleukin-6 (IL-6). UHKT-944 cells (2.5x105cells/mL) 
were seeded in 50 mL glass Erlenmeyer flasks with different 
IL-6 concentrations: 0.2 ng/mL, 1 ng/mL and 3.3 ng/mL. Cells 
were incubated for 3 days and thereafter HDACi were added 
to reach final concentrations of 0.5 mM or 1 mM VPA and 1 
µM or 1.5 µM SAHA. 

Cell proliferation assay. Cell proliferation was measured 
after 24 and 48 hours of treatment using AlamarBlue® assay 
(Invitrogen) following manufacturer´s instructions. Briefly, 
100 µL of cell suspension from each Erlenmeyer flask was 
transferred to 96-well plate and 10 µL of AlamarBlue reagent 
was added to each well. In case of cell proliferation in ECM 
surrounding, 10 µL of alamarBlue reagent was added directly 
to each well. The plate was incubated for one hour at 37 °C. The 
fluorescence intensity was measured on BMG FluoStar Galaxy 
microplate reader (MTX Lab Systems, Inc., VA, USA).

Caspase-3 activity measurement. Caspase-3/CPP32 
colorimetric assay kit (BioVision, CA, USA) was used to de-
tect apoptosis in UHKT-944 cells after treatment with various 
concentrations of SAHA and VPA, in the presence/absence of 
10 µM pan-caspase inhibitor Q-VD-OPh. For the measure-
ment, the cells (5x105 cells) were cultured in 6- well plates 
and incubated for 24 hours with various concentrations of 
VPA and SAHA. Cells were harvested and lysed. The protein 
concentration in cell lysates was determined using Bio-Rad 
protein assay (Bio-Rad Laboratories, CA, USA) and 100 µg of 
protein was used in each experiment. The assay was performed 
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according to manufacturer´s instructions. Absorbance was 
measured at 405 nm on Dynatech Microplate Reader Model 
MRX (Dynatech Laboratories, Chantilly, VA, USA).

Annexin-V apoptotic assay. Annexin-V-FLUOS staining 
kit (Roche Diagnostics GmbH, Mannheim, Germany) was 
used to detect apoptosis or necrosis in UHKT-944 cells. For 
the measurement, the cells (4x105 cells/ mL) were cultured 
in 6-well plates and incubated for 24 hours with various 
concentrations of VPA and SAHA in the presence/absence 
of 10 µM pan-caspase inhibitor Q-VD-OPh. The assay was 
performed according to manufacturer´s instructions. Samples 
were analysed by flow cytometry on Coulter Epics XL (Beck-
man Coulter Inc., Miami, USA). Data were evaluated using 
WinMDI 2.8 software (BD, Franklin Lakes, NJ, USA).

Measurement of adhesion to ECM. To test the adhesion of 
UHKT-944 cells to MaxGel ECM, the cells were seeded into 
tissue culture 96-well plate coated with MaxGel ECM. Human 
erythroleukemic cell line (HEL) was used as a positive control. 
The measurement was performed according to a previously 
described procedure [25]. 

Cytokine measurement. IL-6 produced by BMSCs in the 
presence of UHKT- 944 cells was measured at the Department 
of Clinical Biochemistry (Thomayer Hospital, Prague, Czech 
Republic) on Cobas 6000 analyser (Roche Diagnostics, Prague, 
Czech Republic). Briefly, 6 mL of fresh media with 1.5x106 cells 
was added to Erlenmeyer flask with or without BMSCs layer. 
After 3 days, 2 mL media was centrifuged and supernatant 
stored at -20 °C until analysis. 

Cell cycle analysis. Cell cycle analysis was investigated after 
48 hours incubation of UHKT-944 cells with indicated concen-
trations of SAHA and VPA (cultured alone or with BMSCs). 
The cells (5x105) were harvested, washed once in PBS, fixed in 
4.5 mL of cold 70% ethanol, incubated for 30 minutes in 4 °C 
and stored at -20°C until analysis. On the day of the analysis, 
the cells were washed twice in PBS and incubated for 2 h at 4°C 
in 0.5 mL of the modified Vindelov´s propidium iodide buffer 
(10 mM Tris, pH 8.0, 1 mM NaCl, 0.1% Triton X-100, 20 µg/
mL propidium iodide and 10K units ribonuclease A). DNA 
content was determined using LSR Fortessa flow cytometer 
(BD Biosciences).

ELISA (Enzyme-linked immunosorbent assay). For the 
determination of pSTAT3 level, UHKT-944 cells (2.5x105cells/
mL) were seeded in 50 ml glass Erlenmeyer flasks with or with-
out BMSCs. After 48 hours, leukemic cells were harvested and 
lysed; the cell lysate was diluted to reach 0.1 mg/mL protein. 
Phosphorylated STAT3 level was measured after 48 hours 
treatment with SAHA and VPA using PathScan® Phospho-
Stat3 (Tyr705) Sandwich ELISA kit (Cell Signaling) following 
manufacturer´s instructions. Absorbance was measured at 450 
nm/650 nm as reference wavelength on Dynatech Microplate 
Reader Model MRX (Dynatech).

Western blot analysis. For western blot analysis, the cells 
were incubated with indicated concentrations of SAHA and 
VPA for 48 hours (cultured alone or with BMSCs). The cells 
were washed twice in PBS, lysed in NP40 cell lysis buffer 

(Invitrogen) supplemented with PMSF (Roche) and protease 
and phosphatase inhibitors (Sigma-Aldrich). Proteins were 
separated by 12% SDS-PAGE and transferred onto PVDF 
membrane (GE Healthcare Life Sciences, Piscataway, NJ, 
USA). The membrane was blocked with 3% BSA (Roche), 
washed and incubated with appropriate primary antibodies 
at 4° C overnight. Then the membrane was washed, incubated 
with HRP-conjugated secondary antibodies for 2h at the room 
temperature. Bound antibodies were detected with enhanced 
chemiluminiscence SuperSignal West Dura Extended Dura-
tion Substrate (Thermo Fisher Scientific, Inc., Rockford, IL, 
USA). Anti β-Actin (Sigma-Aldrich) was used as a  loading 
control. The chemiluminiscence signal from the membranes 
was detected and evaluated using G-box iChemi XT4 digital 
imaging device (Syngene Europe, Cambridge).

Data evaluation. Data were evaluated using MedCalc sta-
tistical software version 13 (MedCalc®, Mariakerke, Belgium) 
using Student’s t-test and Wilcoxon paired samples test or 
using GraphPad software version 5.02.

Results

SAHA and VPA induce apoptosis in UHKT-944 cells. To 
detect an early stage of apoptosis or late apoptosis/necrosis, 
the cells were stained with Annexin V and PI and analysed 
by flow cytometry (representative flow dotplots are presented 
in Supplementary Figure 1). Both SAHA and VPA increased 
phosphatidylserine externalization and the number of necrotic 
cells. When the cells were co-treated with the pan-caspase in-
hibitor Q-VD-OPh, the effects were largely reduced suggesting 
that the cell death caused by these inhibitors is caspase-
dependent (Figure 1A). As shown in Figure 1B and C, both 
VPA and SAHA induced apoptosis via caspase-3 activation 
in UHKT-944 cells.

Bone marrow microenvironment (BMM) influences 
the effect of SAHA and VPA. To assess whether BMM can 
contribute to cell survival in the presence of the used drugs, 
we simulated this microenvironment using commercially 
available components of ECM and also using BMSCs derived 
from patients diagnosed with MM. Antiproliferative effect of 
SAHA and VPA was analysed using AlamarBlue assay. Both 
inhibitors at the used concentrations inhibited cell prolifera-
tion after 24 and 48 hours (Figure 2). We did not find any 
difference in the inhibition of cell proliferation between cells 
cultured alone or in the presence of ECM components (Sup-
plementary Figure 2). BMM simulated by ECM proteins had 
thus no protective effect. The reason for that could be the fact 
that only 10.5 ± 0.9% cells adhered to plate coated with MaxGel 
(data not shown). As HEL cell line, which was used as a posi-
tive control, had about 70% of adherent cells, the interaction of 
UHKT-944 cells with ECM proteins is relatively weak. On the 
other hand, differences in the cell proliferation were observed 
between the cells co-cultured with BMSCs and cultured alone, 
especially in the presence of SAHA suggesting that BMSCs 
have partial protective effect against SAHA treatment (Figure 
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2A). Similarly BMSCs influence the rate of apoptosis, both in 
the untreated controls and after SAHA and VPA treatment. 
Although BMSCs do not protect cells from the toxic effect of 
the inhibitors and apoptotic cell fraction increases significantly 
at higher inhibitor concentrations, there is higher portion of 
intact UHKT-944 cells when they are co-cultured with BMSCs 
(Figure 2B).

Because we proved that BMSCs produce IL-6 (data not 
shown), we further wanted to address the question whether 
IL-6 alone could be responsible for these observations. Al-
though the UHKT-944 cells were cultivated in RPMI-1640 
medium supplemented with 1 ng/mL IL-6, the real concen-
tration of IL-6 measured by means of immunoassay (see 
methods) was 0.2 ng/mL. Concentration of IL-6 which cor-

responded to the mean concentration produced by BMSCs 
in the experiments – i.e. 1 ng/mL (5 times higher than in the 
culture medium from the control cells) did not have any ef-
fect, however higher concentration of IL-6 (3.3 ng/mL) had 
a tendency to decrease the antiproliferative effect of both VPA 
and SAHA (Figure 2C, 2D). The concentration of IL-6 was 
measured repeatedly in freshly prepared medium. 

SAHA and VPA had no effect on cell cycle distribution. 
Cell cycle analysis revealed that VPA and SAHA had no 
significant effect on the cell cycle distribution of UHKT-944 
cells (Figure 3A, 3B). We further observed no differences 
in the cell cycle distribution between the cells cultured 
alone or with BMSCs. Using the cell cycle analysis, we also 
quantified the percentage of the cells in sub-G1 phase which 

Figure 1. Apoptosis induction by SAHA and VPA.
Summary graph showing the effect of SAHA and VPA on apoptosis in UHKT-944 cells (A) (illustrative dotplots are presented in Supplementary Figure 
1). Apoptosis was measured using flow cytometry with Annexin V-Alexa 488 and propidium iodide (PI) staining. Cells were treated for 24 hours with 
indicated concentrations of SAHA and VPA in the presence/absence of 10 µM pan-caspase inhibitor Q-VD-OPh. The effect of SAHA (B) and VPA (C) 
on caspase-3 activity was measured with Caspase-3/CPP32 colorimetric assay kit. The results represent mean ± standard deviation of four independent 
experiments. The data were evaluated using paired Student´s t-test, * P < 0.05, ** P < 0.001, (*) P < 0.05 in late apoptotic cell fraction only. 
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represents a population of late apoptotic cells (Figure 3C). 
We found that both VPA and SAHA significantly increased 
sub-G1 cell population (P<0.05), representative flow data are 
presented in Supplementary Figure 3. When the cells were 
48 hours treated with SAHA in the presence of BMSCs, the 
number of apoptotic cells was lower in comparison with cells 
cultured with SAHA alone: 28.3 ± 10.1% of cells in sub-G1 
versus 39.4 ± 7.9% (1 µM SAHA) and 32.1 ± 14.9 versus 
50.3 ± 7.1% (1.5 µM SAHA). However, these results were 
not found statistically significant according to Wilcoxon 
paired sample test.

VPA and SAHA influence JAK/STAT and PI3K/Akt 
pathways. To find out whether SAHA and VPA target JAK/
STAT or PI3K/Akt signalling pathways, we investigated the 

phosphorylation status of JAK2, STAT3, Akt and also the 
profile of Akt phospho– serine/threonine substrates. Results 
from ELISA test of pSTAT3 (Tyr 705) (Figure 4) showed that 
VPA down-regulated the phosphorylation of STAT3 especially 
when the leukemia cells were co-cultured with BMSCs. This 
was confirmed by western blot analyses where we simultane-
ously tested the phosphorylation status of STAT3, JAK2 and 
Akt (Figure 5A-D) Western blot analyses showed the decrease 
of phosphorylation of STAT3 (Figure 5B) and pJAK2 (Figure 
5C). Both VPA and SAHA also down-regulated the phospho-
rylation at the tested Akt phosphorylation sites (Figure 5D). 
No significant/minimal differences were found between the 
cells cultured alone or co-cultured with BMSCs when VPA 
was present. Interestingly, co-culture of UHKT-944 cells with 

Figure 2. Impact of BMSCs microenvironment to SAHA and VPA effects.
UHKT-944 cells were cultivated alone, with BMSCs (A, B), or various IL-6 concentrations (low – 0.2 ng/mL, middle – 1 ng/mL, high – 3.3 ng/mL) (C, 
D). Cells were treated with indicated concentrations of SAHA and VPA for 24 (A, C) and 48 hours (A, B, D). Cell proliferation was measured using 
AlamarBlue assay (A, C, D). Apoptosis was measured using flow cytometry with Annexin V and propidium iodide (PI) staining (B). The results represent 
mean ± standard deviation of six (A), four (B) or three (C and D) independent experiments. (*) P < 0.05 in late apoptotic cell fraction only.
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BMSCs slightly influenced the phosphorylation changes in 
case of SAHA treatment. The effect is more evident in Akt 
substrates phosphorylation changes (Figure 5E, 5F).

Discussion

Bone marrow microenvironment promotes growth and 
survival of tumour cells and could be also responsible for 
resistance to treatment [18, 22, 26, 27]. Therefore, the search 
for new therapeutic agents which could overcome the resist-
ance is needed. HDACi have been shown to induce apoptosis, 
differentiation and inhibition of cell growth of a wide variety 
of transformed cells [28, 29]. Several HDACi have also been 
shown as potential antimyeloma agents [30, 31]. In this 
study, we showed that VPA and SAHA are able to activate 
caspase-3, induce apoptosis and inhibit the growth of plasma 
cell leukemia cell line UHKT-944. Using a broad spectrum 
pan-caspase inhibitor Q-VD-OPh, we found that inhibition 
of caspases decreased the number of early apoptotic as well as 
late apoptotic/necrotic cells after VPA and SAHA treatment. 
Contrary to our results, another study revealed that treatment 
of MM.1S cell line with SAHA did not induce cleavage of 
caspase-3 and the pan-caspase inhibitor ZVAD-FMK did not 
protect the cells against SAHA suggesting that caspases have 
a minor role in mediating SAHA-induced apoptosis in MM 
cells [13]. Both VPA and SAHA have been shown to induce 
both caspase-dependent and -independent apoptosis or even 
non-apoptotic cell death and inhibits the proliferation in other 
myeloma cell lines as well as in primary multiple myeloma 
cells [13, 32, 33, 34].

MM as well as PCL represent one of the most studied hema-
tological malignancies in connection with BMM, however a lot 
of studies investigating the effect of new therapeutics do not 
consider potential effect of this microenvironment. Therefore, 

Figure 3. Cell cycle analysis of UHKT-944 cells +- BMSCs.
UHKT-944 cells were cultured alone (A) or with BMSCs (B) after treatment 
with indicated concentrations of SAHA and VPA for 48 hours. Cell cycle 
distribution was analysed by flow cytometry using propidium iodide (rep-
resentative flow data are presented in Supplementary Figure 3). Cells show 
no significant differences in the relative amounts in G1/G0, S and G2/M cell 
cycle phases after SAHA and VPA treatment (A, B). The cells in sub-G1 phase 
representing late apoptosis/necrosis were evaluated separately (C). Data 
represent mean ± standard deviation of four independent experiments. The 
data were evaluated using paired Student´s t-test, * P < 0.05, ** P<0.001.

Figure 4. Effect of VPA and SAHA on STAT3 phosphorylation.
pSTAT3 (Tyr705) level was measured by means of ELISA in UHKT-944 
cells. Cells were co-cultured with or without BMSCs and incubated with 
indicated concentrations of SAHA and VPA for 48 hours. Data represent 
mean ± standard deviation of three independent experiments. Differences 
were not statistically significant, P>0.05.
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Figure 5. Effect of SAHA and VPA on the activity of JAK/STAT and PI3K pathways. Illustrative western blots (A) and graphs showing phosphorylation status 
of STA3 (B), Akt (C) and JAK2 (D) proteins in cells cultivated with/without BMSCs are presented in graphs summarizing four independent experiments. 
Representative western blot showing changes in phosphorylation Phospho (Ser/Thr) Akt substrates profiles (E) is presented together with graphs of the whole 
phosphorylation signal (sAkt) and intensities of bands b1, b2 and b3 (F). The results represent mean ± standard deviation of three independent experiments. 
Activity of JAK/STAT pathway has been tested via phosphorylation of JAK2 (pTyr 1008) and STAT3 (pTyr705), PI3K/Akt pathway via pAkt (pSer473) and 
Ser/Thr phosphorylated Akt substrates. Relative protein phosphorylation was normalized to β-actin used as a loading control. Phosphorylation in graphs 
is presented/expressed as a% of untreated control (+- BMSC). BM lower – treatment with 0.5mM of VPA or 1µM SAHA together with BMSC, BM higher– 
1mM of VPA or 1.5 µM SAHA together with BMSCs; lower– treatment with 0.5mM of VPA or 1µM SAHA, higher– 1mM of VPA or 1.5 µM SAHA.
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we studied the effect of HDACi in the presence of BMM and 
found that BMSCs derived from MM patients partly decreased 
the antiproliferative effect of SAHA in contrast to VPA. Previ-
ous studies showed that BMSCs protect myeloma cells from 
apoptosis induced by bortezomib which is considered to be 
one of the most promising agents against MM [23]. Not only 
live stromal cells, but also the interaction between MM cells 
and extracellular matrix components including fibronectin 
influence the myeloma cell survival [35]. Interestingly, our data 
revealed that extracellular matrix components had no protec-
tive effect against any of HDACi used. One of the reasons could 
be the fact that only less than 11% of UHKT-944 cells were able 
to adhere to commercial MaxGel ECM which contains human 
ECM components. UHKT-944 cells might adhere to another 
ECM protein which is absent from MaxGel or to a component 
which is not present in sufficient quantities.

We found that MM-derived BMSCs produce IL-6 (data not 
shown) which can be other factor responsible for myeloma cell 
survival [32]. Our data revealed that only high concentration 
of IL-6 was able to partly decrease the antiproliferative effect of 
VPA and SAHA suggesting that the protective effect of BMM 
may be partly due to IL-6 alone but also to the presence of 
stromal cells or other factors they produce. These observa-
tions are consistent with previous studies where IL-6 as well 
as insulin-like growth factors were found to inhibit the drug-
induced cell death in MM [36, 37].

In several studies, HDACi have been shown to induce a cell 
cycle arrest in G1/G0 phase in MM cell lines [32, 33, 38] which 
is in contrast to our data. Neither SAHA nor VPA had any 
significant effect on the cell cycle distribution of UHKT-944 
cells cultured alone or in the presence of BMSCs. Hence, these 
compounds can influence the cell growth without causing cell 
cycle arrest. In agreement with our data, Du et al reported 
that another HDACi, sodium butyrate, did not arrest the cell 
cycle in the G1 phase; however, this occurred when sodium 
butyrate was combined with the demethylating agent 5-Aza-2'- 
deoxycytidine [39]. Similarly, panobinostat, one of promising 
HDACi for combined therapy [40, 41] showed no effect on 
MM cell cycle distribution while used alone or in combina-
tion with the proteasome inhibitor carfilzomib [42]. Reasons 
for discrepancies in studies are unclear, but different type of 
treatment involving different cell lines may be responsible for 
these different results. 

In our study, we further focused on JAK/STAT and PI3K/
Akt signalling pathways whose dysregulation is associated 
with myeloma cell survival. Our data showed that VPA in-
hibited STAT3 phosphorylation even when the cells were 
co-cultured with BMSCs where we had assumed only par-
tial effect. The reason for this assumption was the fact that 
BMSCs produce high concentration of IL-6 which is one of 
the factors responsible for JAK/STAT pathway activation. 
Our results suggest that inhibition of JAK/STAT pathway 
represents one of the mechanisms of action of VPA in PCL 
or MM. In consistency with our data, VPA has been shown 
to inhibit STAT3 phosphorylation in natural killer cells as 

reported by Zhu et al. [43]. Apart from VPA, a novel JAK 
inhibitor AZD1480 was shown to block JAK/STAT3 signalling 
in myeloma cells cultured alone, or even when co-cultured 
with BMSCs, similarly as in our experimental system [44]. 
Western blot analyses revealed that both SAHA and VPA were 
able to affect the phosphorylation of Akt and Akt substrates, 
thus both inhibitors influence more pathways important to 
cell survival. Other drugs have been shown to inhibit Akt 
phosphorylation leading to myeloma cell death [45]. When 
the cells were co-cultured with BMSCs in the presence of 
SAHA, we found some differences in the phosphorylation 
status of proteins involved in important survival pathways 
in MM. We suppose this might be attributed to the presence 
of BMSCs and points to the need of testing the potential 
antimyeloma drugs in the presence of BMM as evidenced by 
several studies [46, 18].

Concerning molecular mechanisms of the antitumor 
activity of SAHA, Mitsiades et al. showed that SAHA down-
regulated the expression of receptor genes involved in 
proliferation and survival, such as the insulin-like growth 
factor receptor and IL-6 receptor, antiapoptotic molecules, 
DNA synthesis/repair enzymes etc [47]. However, when 
we focus on IL-6, HDACi can induce apoptosis of MM cell 
lines independently of decreased IL-6 receptor expression as 
reported by Lavelle et al. [48].

In conclusion, based on our results/observations and on 
published results by others, it is evident that VPA and SAHA 
could be used in the treatment of MM and PCL. The influ-
ence of these inhibitors depends on the cell type and also on 
the microenvironment which should be taken into account 
when novel therapeutic drugs against plasma cell disorders 
are investigated.

Supplementary information is available in the online version 
of the paper.
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Supplementary Figure legends: 

Supplementary Figure 1. Illustrative flow data of Annexin and PI staining. 

Picture shows illustrative dotplot of cells stained with Annexin V-Alexa488, detected in FITC 

channel. Control without propidium iodide (PI) is shown in the left figure (A), propidium iodide 

stained cells are presented in figure (B), PI signal was measured in PE channel. Gated areas present 

intact cells (Q3), early apoptotic (Q4) and late apoptotic (Q2) cells. Selection of gates reflects the 

fact that a partial accumulation of PI accompanied the externalisation of phosphatidylserine in 

UHKT-944 cells. In late apoptotic/necrotic phases the intensity of PI fluorescence was higher. 

 

 

 

Supplementary Figure 2. Effect of VPA and SAHA to cell proliferation in presence of ECM 

proteins. 

UHKT-944 cells were cultivated alone or with ECM components. Cells were incubated with 

appropriate concentrations of VPA and SAHA for 24 and 48 hours. Cell proliferation was measured 

using alamarBlue assay. The results represent mean ± standard deviation of three independent 

experiments. 
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Supplementary Figure 3. Illustrative histograms of cell cycle phases distribution of UHKT-944 

cells untreated and treated with 1 mM VPA. 

In the histogram of untreated cells (A) the phases of cell cycle are shown - sub-G1, G0/G1, S and 

G2/M. The amount of cells in sub-G1 phase increased in cells treated with 1 mM VPA (histogram 

B). 

 

 


