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Multiple myeloma (MM) is an incurable hematologic malignancy resulting

from the clonal expansion of plasma cells. MM cells are interacting with

components of the bone marrow microenvironment such as cytokines to

survive and proliferate. Phosphatase of regenerating liver (PRL)-3, a

cytokine-induced oncogenic phosphatase, is highly expressed in myeloma

patients and is a mediator of metabolic reprogramming of cancer cells. To

find novel pathways and genes regulated by PRL-3, we characterized the

global transcriptional response to PRL-3 overexpression in two MM cell

lines. We used pathway enrichment analysis to identify pathways regulated

by PRL-3. We further confirmed the hits from the enrichment analysis with

in vitro experiments and investigated their function. We found that PRL-3

induced expression of genes belonging to the type 1 interferon (IFN-I) sig-

naling pathway due to activation of signal transducer and activator of

transcription (STAT) 1 and STAT2. This activation was independent of

autocrine IFN-I secretion. The increase in STAT1 and STAT2 did not

result in any of the common consequences of increased IFN-I or STAT1

signaling in cancer. Knockdown of STAT1/2 did not affect the viability of

the cells, but decreased PRL-3-induced glycolysis. Interestingly, glucose

metabolism contributed to the activation of STAT1 and STAT2 and

expression of IFN-I-stimulated genes in PRL-3-overexpressing cells. In

summary, we describe a novel signaling circuit where the key IFN-I-

activated transcription factors STAT1 and STAT2 are important drivers of

the increase in glycolysis induced by PRL-3. Subsequently, increased gly-

colysis regulates the IFN-I-stimulated genes by augmenting the activation

of STAT1/2.

Abbreviations

BM, bone marrow; IFN-I, type 1 interferon; ISGs, IFN-stimulated genes; MM, multiple myeloma; PRL, phosphatase of regenerating liver;

STAT, signal transducer and activator of transcription.
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Introduction

Multiple myeloma (MM) is an incurable hematologic

cancer caused by malignant transformation and clonal

expansion of plasma cells in the bone marrow (BM).

The cancer cells in patients with MM have a diverse

set of genetic and other molecular aberrations, but

patients suffer from fairly specific clinical traits includ-

ing anemia, renal failure, and erosion of bone [1-3].

Further, the dynamic interaction between the MM

cells and components of the BM microenvironment is

crucial for survival and growth of the cancer cells [4].

Phosphatases of regenerating liver (PRLs) constitute

a family of three members, PRL-1, PRL-2, and PRL-

3, which are often overexpressed in cancer [5]. In con-

trast to PRL-1 and PRL-2, which are ubiquitously

expressed in various normal tissues, expression of

PRL-3 is only found in a few cell types (mainly muscle

cells) and in cancer cells, which makes it an attractive

molecule for targeted cancer treatment [5,6]. Studies

have reported various oncogenic roles for PRL-3 in a

wide range of solid tumors [7-9] and in hematological

malignancies [10-17].

The PRL-3 gene (PTP4A3) is expressed at a

higher level in malignant plasma cells from MM

patients than in plasma cells from healthy donors,

and high expression is associated with a poor prog-

nosis [2,14]. Further, a gene expression profiling

study of 320 newly diagnosed MM patients identi-

fied a subgroup where the main characteristic was

high PRL-3 expression [15]. We have previously

shown that PRL-3, which is an effector protein

downstream of IL-6, protects myeloma cells against

apoptosis by activation of the oncoprotein Src and

signal transducer and activator of transcription

(STAT)3, and by stabilizing the antiapoptotic pro-

tein MCL-1 [14,18,19]. We have further introduced

PRL-3 as an important regulator of glycolysis in

cancer cells of hematological origin [20]. Despite a

substantial number of studies implicating PRL-3 as

an oncogenic protein, further research is required to

define its role in cancer progression [5,6].

To elucidate the role and identify novel pathways

regulated by PRL-3 in MM, we characterized the

global transcriptomic response to PRL-3 overexpres-

sion in the IL-6-dependent cell line (INA-6) and in the

IL-6-independent cell line (JJN-3). In both cell lines,

we found that PRL-3 induced expression of genes

belonging to the type 1 interferon (IFN-I) signaling

pathway, and activation of STAT1 and STAT2. This

activation was both a response to and a mediator of

the increased glycolysis induced by PRL-3.

Results

PRL-3 overexpression leads to increased

expression of interferon-regulated genes

To investigate the transcriptional programs regulated by

PRL-3 in MM, we performed gene expression analysis of

two cell lines overexpressing PRL-3 compared with their

respective mock control cells. We used the IL-6-

dependent INA-6 and the IL-6-independent JJN-3 cell

lines described previously [20]. Myeloma cells are depen-

dent on the microenvironment to survive and proliferate,

and the IL-6-dependent cell lines are more similar to

patient samples than the myeloma cell lines that are not

dependent on IL-6 [21]. We have previously shown that

PRL-3 expression can be induced by cytokines in several

myeloma cell lines, both IL-6-dependent and IL-6-

independent [14]. Hence, we were interested in the tran-

scriptional programs regulated by PRL-3 in both INA-6

and JJN-3. A total number of 487 genes were upregulated

in PRL-3 INA-6, while 394 genes were downregulated. In

JJN-3, 978 genes were upregulated, whereas 641 genes

were downregulated (Fig. 1A,B). The discrepancy in

number of differentially expressed genes is likely due to

RNA-seq having a better ability to detect low abundance

and noncoding transcripts as compared to the predefined

set of transcripts detected by microarray technology. In

addition, the differences in the biology of the cell lines

could also explain some of the variation. To identify

pathways regulated by PRL-3 in both cell lines, we used

Reactome pathway analysis to pinpoint the common

Fig. 1. Transcriptomic profiling of PRL-3-overexpressing INA-6 and JJN-3 cells indicates activation of the IFN-I signaling pathway. (A)

Differentially expressed genes (log2 fold change of ≥ 0.5 or ≤ �0.5 and adjusted P-value ≤ 0.05 between PRL-3 and mock cells) presented

as volcano plots. (B) Venn diagrams of significantly upregulated and downregulated genes in INA-6 and JJN-3. (C) The top 10 Reactome

pathways based on the genes upregulated in the individual cell lines and the 59 genes upregulated in both JJN-3 and INA-6 overexpressing

PRL-3. (D) The top 10 predicted transcription factors based on the 59 genes upregulated by PRL-3 in both JJN-3 and INA-6 (top panels) and

based on the top 500 genes that correlated with PTP4A3 in the CoMMpass database (bottom panels), inferred from two different

databases (TRRUST and ENCODE TF ChIP-seq) using Enrichr. Blue bars represent STAT2, red represent STAT1, and pathways involving

both are shown with a blue and red bar. Both (C) and (D) show the top 10 predicted entities (human signaling pathways or transcription

factors) as sorted by unadjusted P-value.
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pathways upregulated in both PRL-3 JJN-3 and PRL-3

INA-6 based on the genes upregulated in each cell line, in

addition to the genes upregulated in both cell lines

(Fig. 1C). Based on the 59 common genes (Table 1)

upregulated in both PRL-3 JJN-3 and PRL-3 INA-6, we

found that IFN-I-regulated pathways were most

enriched. The involvement of IFN-I was also indicated

by STAT2 and STAT1 being the top predicted transcrip-

tion factors of the 59 common genes, based on data from

two different databases (Fig. 1D, top). In gene expression

data from MM patient samples in the publicly available

CoMMpass database, STAT1 was the top predicted

transcription factor based on an analysis of the 500 genes

with the highest correlation coefficient with PTP4A3

(Fig. 1D, bottom).

PRL-3 overexpression leads to activation of

STAT1 and STAT2 independently of type I

interferons

The transcription factors STAT2 and STAT1 are clas-

sically activated by IFN-I and regulate the expression

of IFN-stimulated genes (ISGs) [22]. This effect is

typically mediated by transcription factor complexes

made up of STAT1/STAT2 as a heterodimer, or

together with IFN regulatory factor 9 (IRF9) form-

ing a heterotrimeric complex called ISGF3 [23].

Based on the enrichment of ISGs in our transcrip-

tomic data, we investigated the activation of these

transcription factors in our cells. In both INA-6 and

JJN-3 cells, the overexpression of PRL-3 led to

increased level of phosphorylated STAT1 and

STAT2, although the level of phosphorylated

STAT2 was generally lower in JJN-3 than in INA-6

(Fig. 2A,B). Since IL-6 both activates and increases

the expression of STAT1, and since PRL-3 is a

mediator of IL-6 signaling, we performed experi-

ments in conditions both with and without IL-6.

The phosphorylation of STAT1 was as expected

responsive to IL-6 stimulation (Fig. 2A), whereas

the phosphorylation of STAT2 was less influenced

by IL-6. In addition to increased phosphorylation,

the total levels of STAT1 were also increased in cells

overexpressing PRL-3. Further, PRL-3 increased the

total level of IRF9, although it was less influenced

by stimulation with IL-6. To investigate whether

inhibition of PRL-3 could reverse the activation of

STAT1 and STAT2, we treated PRL-3-

overexpressing INA-6 and JJN-3 cells with PRL-3

inhibitor 1, which is known to decrease the protein

level of PRL-3 [11,20]. As expected, reduced PRL-3

level decreased both active and total levels of

STAT1 and STAT2 (Fig. 2C). In accordance with

the results using the inhibitor, knockdown of PRL-3

Table 1. 59 genes overexpressed in both PRL-3 INA-6 and PRL-3

JJN-3. Genes known to be induced by type I interferons are

shown in bold

ADAM19 IRF9

ADPRH ISG20

AIM2 LAT2

APH1B LEPR

ASS1 LGALS1

BLVRA LILRA2

CCL2 MAGEA10

CD69 MERTK

CHMP5 MIAT

CTAG2 OAS2

EGR1 OASL

EIF2B2 PARP9

F2R PDK3

FHL1 PFKFB4

GRAP PNMA5

H1F0 PTP4A3

HEG1 RAB11FIP1

HIST1H2BD RHOB

HIST1H2BG RRAGD

HIST2H2AA3 SAT1

HSPA1A ST3GAL5

HSPB1 STAT1

IFIT3 SWAP70

IL32 SYT11

IRAK2 TAP1

TPST2 TDRD7

USP18 TNFSF10

VIM TOB1

WSCD1 TPST1

XAF1

Fig. 2. PRL-3 overexpression leads to activation of STAT1 and STAT2 and increased expression of total IRF9. Western blots showing (A) P-

STAT1 and total STAT1 expression, (B) P-STAT2, total STAT2, and total IRF9 expression and the influence of IL-6 in INA-6 and JJN-3 cells

as indicated. INA-6 cells were cultured without IL-6 for 90 min prior to reintroduction of 5 ng�mL�1 IL-6. (C) PRL-3-overexpressing INA-6 and

JJN-3 cells were treated with 20 and 40 µM PRL-3 inhibitor 1 for 6 h followed by evaluation of P-STAT1, P-STAT2, and their total expression

by western blot. (D) Endogenous PRL-3 was transiently knocked down in INA-6, and protein expression was measured by western blot. The

bar graphs in the right panel show the band densitometry normalized to the loading control in the independent biological replicates.

Figure (A, B, D) is one representative out of at least three independent experiments. Figure (C) is one representative out of two

independent experiments. Error bars show � SEM. *P < 0.05, **P < 0.01, and ***P < 0.001 (two-sample t-test).
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using siRNA significantly reduced phosphorylated

STAT1 and STAT2 in wild-type INA-6 cells

(Fig. 2D). Next, we wanted to explore whether

PRL-3-mediated activation of STAT1 and STAT2

was due to the induction of an autocrine loop of

IFN-I instigated by PRL-3. None of the IFNs were

among the mutually upregulated genes (Table 1) in

our transcriptomics data. In addition, we used the

Nanostring Human Immunology Kit to quantify the

expression of several immune-related genes, including

IFNA1/13, IFNA2, IFNB1, and IFNG mRNA. Nei-

ther PRL-3 INA-6 nor mock INA-6 expressed these

IFNs although we confirmed PRL-3-driven upregula-

tion of the ISGs MX1, IFITM1, and STAT1

(Fig. 3A). Additionally, we were not able to detect

IFN-a2 and IFN-b at the protein level in neither

INA-6 nor JJN-3 cells with ELISA (Fig. 3B). Taken

together, our results indicate that PRL-3 mediates

activation of STAT1 and STAT2 independent of

autocrine IFN production.

STAT1 and STAT2 did not regulate survival in

myeloma cells, and overexpression of PRL-3 did

not lead to increased susceptibility to either type

I interferons and TRAIL or resistance toward

doxorubicin

To investigate whether STAT1 and STAT2 could medi-

ate a prosurvival signal in our cell lines, we knocked

down the two transcription factors using siRNA.

Knocking down the transcription factors individually or

in combination did not change the viability of the PRL-

3 INA-6 cells assessed by annexin V staining (Fig. 4A).

Neither STAT1 nor STAT2 expression had a

prognostic impact for MM patients based on data from

the CoMMpass study (data not shown). As IFNs can

act as both antiapoptotic and proapoptotic factors, we

investigated whether increased expression of PRL-3

would change the sensitivity of the cells to IFN-I. No

such change in sensitivity was observed, as a high dose

of both IFN-a2 and IFN-b only had minor effects on

the cell lines after 48 h of incubation (Fig. 4B). Studies

on solid tumors have found that IFN-induced genes

and STAT1 are associated with resistance against

DNA-damaging agents such as doxorubicin and radio-

therapy [24,25]. This was not the case in our cells, as

doxorubicin sensitivity was similar in JJN-3 and INA-6

cells overexpressing PRL-3 and in their respective con-

trol cells (Fig. 4C). Also, we could not find any differ-

ence in susceptibility to TRAIL-induced apoptosis

(Fig. 4D), which is regarded as an important mediator

of the apoptotic effect of IFN-I in cancer, including

MM [26,27].

STAT1/2 activation by PRL-3 increases glycolysis

in myeloma cells

We previously published that PRL-3 acts as a critical

regulator of glycolysis in MM cells [20]. Even though

the role of STAT1/2 is more thoroughly studied in the

context of antiviral responses, a few studies have

shown that STAT1 indeed can regulate genes involved

in glycolysis and metabolism, also in cancer cells

[28,29]. Therefore, we hypothesized that PRL-3 might

regulate glycolysis through STAT1/STAT2. We first

tested whether the IFN-I signaling pathway can induce

glycolysis in MM cells. As shown in Fig. 5A, stimulat-

ing the IL-6-independent cell line JJN-3 with IFN-b

Fig. 3. PRL-3 overexpression does not lead to autocrine secretion of type I interferons. (A) mRNA expression of interferons and ISGs

assessed with Nanostring Human Immunology V2. (B) Interferon-a2 and interferon-b were measured by ELISA in supernatants from JJN-3

and INA-6 cells overexpressing PRL-3 and their respective mock control. The Nanostring analysis in (A) was performed once. Figure (B) is

one representative result from two independent experiments with two biological duplicates in each.
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enhanced glycolysis, confirming that the IFN signaling

pathway can influence metabolism in our cells. Next,

we tested our PRL-3-overexpressing INA-6 cells with

STAT1 and STAT2 knocked down separately or in

combination. All knockdown experiments showed

decreased glycolysis, although STAT1 seemed to be

more important for the increase in glycolysis than

STAT2 (Fig. 5B). Taken together, these results indi-

cate that PRL-3 influences glycolysis through STAT1

and STAT2 activation.

Glucose import and glycolysis contributes to the

activation of STAT1 and STAT2 and expression

of ISGs

We previously published that PRL-3 acts as an inducer

of glycolysis, partly through increasing glucose uptake.

We therefore investigated whether the PRL-3-induced

STAT1/STAT2 activation occurs through regulation

of metabolism. For this purpose, we incubated the

PRL-3 and mock cells with various concentrations of

glucose. Interestingly, we found that STAT1 and

STAT2 were activated in a dose-dependent manner by

glucose in PRL-3 INA-6 and PRL-3 JJN-3, while the

corresponding mock cells only showed a slight increase

in activation of STAT1 and STAT2 (Fig. 6A,B). Acti-

vation of STATs can lead to increased transcription of

STATs, thus forming a positive feedback circuit

[30,31]. This is reflected in the concomitant decrease in

both phosphorylated STAT and total STAT in

glucose-deprived conditions in our experiments. It is

noteworthy that glucose starvation had no effect on

total Src level (data not shown). Treating the PRL-3-

overexpressing cells with the glycolysis inhibitor 2DG

(2 mM) resulted in a visible decrease in phosphorylated

STAT1 in both INA-6 and JJN-3, although this was

not statistically significant upon quantification

(Fig. 6C). We used qPCR to measure some of the dif-

ferentially expressed ISGs (IFI27, IFIT3, IFITM1,

ISG15, ISG20, and MX1) in cells incubated in RPMI

media with and without glucose (Fig. 6D). We found

that several of the STAT1/STAT2-regulated genes

were increased upon addition of glucose. Taken

together, our results indicate that higher glycolysis in

PRL-3-overexpressing cells induces activation of

STAT1 and STAT2 and subsequently increased

expression of ISGs.

Discussion

In this study, we used transcriptional profiling and

found that PRL-3 overexpression led to significant

changes in the expression of several hundred genes in

both JJN-3 and INA-6 myeloma cells. The IFN-I sig-

naling pathway was the most prominent signaling

pathway induced by PRL-3 overexpression when

assessing gene expression of the two cell lines together.

Interestingly, the activation of this pathway was posi-

tively modulated by the increase in glycolysis and glu-

cose import that is induced by PRL-3 overexpression,

revealing a complex interplay between cell signaling,

cellular metabolism, and cancer biology.

IFNs constitute a protein family of several cytokines

that can be grouped into three types that bind to dif-

ferent receptors. The IFN-I family induces the phos-

phorylation of STAT1 and STAT2 and can

subsequently trigger the formation of the ISGF3 tran-

scription factor complex, composed of phosphorylated

STAT1 and STAT2 together with IRF9. Activation of

these transcription factors leads to expression of ISGs.

In our study, we found that PRL-3 overexpression

increases the phosphorylation of STAT1 and STAT2,

as well as the total expression of IRF9. Interestingly,

the activation of the IFN-I signaling pathway by PRL-

3 was independent of autocrine IFN-I secretion, which

to our knowledge is a novel observation in MM. We

observed concomitant activation of both STAT1 and

STAT2, and as the latter is usually not activated by

IL-6, it suggests that PRL-3 mediates crosstalk

between the IL-6 and IFN-I signaling pathways. This

expands on the previous findings from us and others

showing that PRL-3 augments signal downstream of

IL-6 in MM cells [18,19,32].

IFN-I signaling, and consequently STAT1 and

STAT2, are mostly studied in the context of antiviral

and antitumor responses. The literature on STAT2 in

cancer is limited, whereas more studies have been per-

formed on STAT1. However, the role of STAT1 in

tumorigenesis is complex and it has been linked to

both good prognosis [33,34] and disease progression

[35,36]. Among the most consistent reports on STAT1

as an oncogene is its role in resistance toward several

cancer treatment modalities, including radiotherapy

and chemotherapy [25,37,38,39,40,41]. In our study,

the activation of STAT1 and STAT2 induced by PRL-

3 overexpression did not lead to doxorubicin resistance

as observed in other studies in solid tumors [38] nor

did it change the susceptibility toward TRAIL-induced

apoptosis, commonly associated with IFN-induced sig-

naling [26,42,43]. Knocking down STAT1 and STAT2

individually or in combination did not alter the viabil-

ity of myeloma cells, and overexpression of PRL-3 did

not lead to a substantial change in viability in response

to exogenous IFN-I stimulation. Therefore, we were

not able to conclude that the increased activity in the

IFN-I signaling pathway observed in our cells led to
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any of the most common consequences of increased

IFN-I signaling or STAT1 activation reported in the

literature.

The effect of IFNs and their downstream signaling

molecules in MM is far from fully understood. IFN-a
was previously used to treat MM, but with significant

side effects and a varying degree of efficacy, it is no

longer a commonly used drug for this cancer [44].

Nevertheless, several ISGs are overexpressed in MM

cells [45-47], and a recent article comparing gene

expression signatures of primary myeloma cells with

myeloma cell lines found that interferon response

genes were enriched in the patient samples [21]. Hence,

a better understanding of IFN-I signaling in myeloma

is still of clinical and biological interest. Even though

activation of STAT1 by PRL family members has been

reported by us [18] and others [32,48], the biological

consequence and mechanism of activation have not

been investigated. We have previously shown that

PRL-3 is important for viability of myeloma cells [18]

and can regulate cancer cell metabolism by increasing

glucose import and glycolysis[20]. In this study, we

found that knockdown of either STAT1 or STAT2

reduced PRL-3-mediated glycolysis but not viability.

This fits with a study in a human squamous carcinoma

cell line, which found a strong association between

STAT1 and genes regulating glycolysis [28]. In addi-

tion, we discovered that blocking glycolysis by either

glucose starvation or with 2DG disrupted the STAT1/

STAT2 phosphorylation and induction of ISGs in

PRL-3-overexpressing cells. Our results show that

PRL-3 can increase STAT1- and STAT2-mediated sig-

naling independently of autocrine IFN-I. We also

show that this pathway is both modulated by the

increased metabolic activity and contributes to the

increased glucose consumption induced by PRL-3

overexpression. Metabolism is regulated, at least in

part, independently of cell division [49]. Thus, cells

require signals that drive altered metabolism, as well

as increased cell division, for cells to proliferate suc-

cessfully over time. In the absence of metabolic adap-

tation to proliferation, cells might end up being

atrophied and less functional [50]. In this study, we

present evidence that the activation of STAT1/STAT2

by PRL-3 promotes cell fitness mainly by increasing

glycolysis. STAT1/STAT2 did not have any direct

effect on cell viability or induction of apoptosis.

Whether our results apply to primary cells or other cell

types is not known. Nonetheless, our results indicate

that investigation of PRL-3 in a viral infection model

would be interesting.

In summary, we describe a novel signaling loop

where the key IFN-activated transcription factors

STAT1 and STAT2 are important drivers of the

increase in glycolysis induced by PRL-3. Subsequently,

increased glycolysis regulates the IFN-I-stimulated

genes by augmented activation of STAT1 and STAT2.

Materials and methods

Cell culture

The human myeloma cell lines INA-6 and JJN-3 were a gift

from M. Gramatzki, University of Erlangen-Nurnberg,

Germany, and I.M. Franklin, University of Birmingham,

UK, respectively. New cultures of cells were seeded at least

every 4 months from vials aliquoted with cells propagated

shortly after receiving the cells from their described original

source, and they were regularly tested to ensure the absence

of mycoplasma. All cells were grown in RPMI 1640 supple-

mented with 0.68 mM L-glutamine and 10% heat-

inactivated fetal calf serum (FCS). INA-6 was cultured in

media with 1 ng�mL�1 IL-6. Cells were cultured at 37 °C in

a humidified atmosphere with 5% CO2, and growth media

were replenished twice weekly. In order to deplete cells of

IL-6 before experiments, they were washed three times with

Hanks’ balanced salt solution (HBSS; Sigma-Aldrich, St.

Louis, MO, USA). When glucose starvation was per-

formed, cells were grown in glucose-free RPMI 1640 med-

ium (Thermo Fisher Scientific, MA, USA).

Antibodies, cytokines, and other reagents

IL-6 was from Biosource (Camarillo, CA, USA). PRL-3

inhibitor I (5-[[5-Bromo-2-[(2-bromophenyl)methoxy]

phenyl]methylene]-2-thioxo-4-thiazolidinone) and IFN-a2
human (#SRP4594) were from Sigma-Aldrich. PBMN-ires-

Fig. 4. STAT1 and STAT2 are not involved in resistance toward apoptotic stimuli and are not important for cell viability in PRL-3-

overexpressing cells. (A) STAT1, STAT2, or both STAT1 and STAT2 in combination were transiently knocked down using siRNA and viable

cells shown as percentage negative for annexin V staining. Bottom panel shows western blots confirming knockdown efficiency. CellTiter-

Glo was used to assess viability in PRL-3-overexpressing and mock control cells cultured with (B) 30 000 IU�mL�1 IFN-b or IFN-a2 for 48 h,

(C) increasing concentration of doxorubicin for 72 h and (D) recombinant human TRAIL (100 ng�mL�1) overnight. Figure (A) is one

representative out of two independent experiments. Both figure (B and D) show one representative out of three independent experiments.

Error bars show � SD. Figure (C) is a combination of three independent experiments, each with three technical replicates and error bars

show � SEM.
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Fig. 5. STAT1 and STAT2 regulate glycolysis in MM. Glycolysis parameters including glycolysis and glycolysis capacity were measured by

Seahorse XF Bioanalyzer in (A) cytokine-independent human myeloma JJN-3 cells after overnight stimulation with 500 IU�mL�1 IFN-b. (B)

INA-6 PRL-3 cells after transient knockdown of STAT1, STAT2, or STAT1 and STAT2 in combination using siRNA. Bottom panel shows

western blot confirming knockdown efficiency. Error bars show � SD. Statistical significance was determined by the two-sample t-test.
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Fig. 6. PRL-3 regulates activation of both

STAT1 and STAT2 through a glucose-

dependent mechanism. Western blots

showing the influence of overnight culture

with various glucose concentrations in the

media on (A) P-STAT1 and total STAT1 and

(B) P-STAT2 and total STAT2 expression. (C)

PRL-3 INA-6 and JJN-3 cells were cultured

overnight with indicated concentrations of

glycolysis inhibitor 2DG, and P-STAT1 and

total STAT1 were assessed by western

blot. Bar graphs show band quantification

for phosphorylated STAT1 and STAT2 in

independent experiments. Error bars

show � SEM. *P < 0.05 and

****P < 0.0001 (two-sample t-test). (D) INA-

6 cells were cultured in media without and

with 11 mM glucose overnight, and

expression level of the indicated genes was

measured by qPCR. The 2�ΔΔCt method

with YWHAZ and GUSB as housekeeping

genes was used to determine the relative

levels of mRNA. Statistical significance was

performed on the ΔCt values by the two-

sample t-test. *** indicates P < 0.001. Error

bars show � SD. All panels show one

representative out of three independent

experiments.
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GFP was a gift from Garry Nolan (Addgene 130 plasmid #

1736, Watertown, MA, USA). pLenti CMV Puro DEST

(w118-1) was a gift from Eric Campeau & Paul Kaufman

(Addgene plasmid # 17452[51]). Antibodies against P Y701

STAT1 (#9167), b-actin (#4967), P Tyr690 STAT2

(#88410), Total STAT1 (#14994) and HSP60 (#12165) were

from Cell Signaling Technology (BioNordika AS, Oslo,

Norway). Antibodies against PRL-3 (318; #sc-130355),

ISGF-3c p48 (IRF9; sc-365893), b-tubulin (sc-5274 HRP),

and total STAT2 (sc-514193) were from Santa Cruz

Biotechnology (Dallas, TX, USA). All antibodies were used

at 1 : 1000 dilution. Doxorubicin (#S1208), recombinant

human TRAIL (#752906), and recombinant human IFN-b
(#300-02BC) were from Selleckchem, Biolegend (London,

UK), and PeproTech (Stockholm, Sweden), respectively.

Transduction for PRL-3 overexpression

PRL-3 was overexpressed in INA-6 by retroviral transduc-

tion as previously described [19]. pBMN-PTP4A3-ires-GFP

and BMN-ires-GFP (control plasmid) were used to estab-

lish cells expressing WT PRL-3 (PRL-3 INA-6) and control

vector (mock INA-6), respectively. PRL-3 in JJN-3 cells

was expressed by lentiviral transduction. pLenti CMV Puro

DEST-PTP4A3 and pLenti CMV Puro DEST (control

plasmid) were used to establish PRL-3 JJN-3 and mock

JJN-3, respectively.

Microarray gene expression analysis

RNA was isolated from four independent cultures of PRL-3

INA-6 and mock INA-6 using RNeasy Mini Kit (Qiagen,

Crawley, UK) as previously described [18]. The microarray

gene expression analysis followed standard protocols. In brief,

cRNA was prepared with Ambion’s Illumina� TotalPrepTM

RNA Amplification Kit (Thermo Fisher), using 300 ng total

RNA as input material. For each sample, the biotin-labeled

cRNA concentrations were checked with NanoDrop (Thermo

Fisher) before 750 ng was hybridized to HumanHT-12

Expression BeadChips (Illumina Inc., San Diego, CA, USA).

Only probes abiding to the Illumina detection P-value of 0.01

in at least one sample were included in further analyses, using

the LIMMA (v. 3.16.8) Bioconductor package [52]. The P-value

was adjusted for multiple hypothesis testing using FDR (Ben-

jamini and Hochberg). Probe intensity values were log2-

transformed and quantile-normalized before differential

expression analysis.

RNA-sequencing gene expression analysis

RNA was isolated from four independent cultures of PRL-

3 JJN-3 and mock JJN-3 using RNeasy Mini Kit (Qiagen,

Crawley, UK) as previously described (5). RNA-sequencing

libraries were generated using SENSE mRNA-Seq Library

Prep Kit according to the manufacturer’s instructions

(Lexogen GmbH, Vienna, Austria). In brief, 500 ng of total

RNA was prepared and incubated with magnetic beads

coated with oligo-dT, followed by removal of all other

RNAs except mRNA was removed by washing. Library

preparation was then initiated by random hybridization of

starter/stopper heterodimers to the poly (A) RNA still

bound to the magnetic beads. These starter/stopper hetero-

dimers contain Illumina-compatible linker sequences. A

single-tube reverse transcription and ligation reaction

extends the starter to the next hybridized heterodimer,

where the newly synthesized cDNA insert was ligated to

the stopper. Second-strand synthesis was performed to

release the library from the beads. The resulting double-

stranded library was purified and amplified (12 PCR cycles)

prior to adding the adaptors and indexes. Finally, libraries

were purified using the Mag-Bind RXNPure Plus beads

(Omega Bio-tek, Norcross, GA, USA), quantitated by

qPCR using KAPA Library Quantification Kit (Kapa

Biosystems, Inc., Boston, MA, USA), and validated using

Agilent High Sensitivity DNA Kit on a Bioanalyzer (Agi-

lent Technologies, Santa Clara, CA, USA). The size range

of the DNA fragments was measured to be in the range of

approximately 200–400 bp and peaked around 250 bp.

Libraries were normalized and pooled to a final concen-

tration of 2.6 pM and subjected to clustering on a NextSeq

500 High-Output Flow Cell (Illumina, Inc.). Finally, single-

read sequencing was performed for 75 cycles on a NextSeq

500 instrument (Illumina, Inc.), according to the manufac-

turer’s instructions. Base calling was done on the NS500

instrument by RTA 2.4.6. FASTQ files were generated

using BCL2FASTQ2 Conversion Software v2.17 (Illumina,

Inc.). The Salmon software was used to align the reads to

the human transcriptome [53]. Differentially expressed

genes were identified with DESeq2 and SARtools [54,55].

Knockdown by siRNA nucleofection

Prior to gene knockdown by siRNA, cells were grown with

low density. In total, 5 9 106 cells were pelleted, and the pel-

let was resuspended in transfection buffer [Amaxa� Cell Line

Nucleofector� Kit R (Lonza, Basel, Switzerland)]. Cells were

added to separate nucleofection cuvettes containing 5 lM of

siRNA and transfected by a NucleofectorTM II device (Lon-

za). Program X-001 was used for INA-6. siRNAs used were

SMARTpool ON-TARGETplus from Dharmacon (Lafay-

ette, CO, USA) against: STAT1 (L-003543-00-0005), STAT2

(L-012064-00-0005), PTP4A3 (L-006859-00-0005), and Non-

targeting Control Pool (D-001810-10-05). Western blot was

used to confirm knockdown after 48 hours.

Immunoblotting

Cells were treated as indicated, and immunoblotting was

performed as previously described [18]. Images were

acquired using LI-COR Odyssey Fc and analyzed with
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IMAGE STUDIO software (LI-COR, Lincoln, Nebraska). Den-

sitometry was done with FIJI [56].

Cell viability and apoptosis assay

Viability was estimated using CellTiter-Glo� Luminescent

Cell Viability Assay (Promega, Fitchburg, WI, USA)

according to the manufacturer’s instructions. The lumines-

cent signal was recorded with a Victor3 plate reader and

Wallac 1420 Work Station software (PerkinElmer Inc.,

Waltham, MA, USA). Apoptosis was evaluated using

Annexin V–Alexa FluorTM 647 binding (A23204; Thermo

Fisher), as previously described [18].

Glycolytic flux

Glycolytic function in cells was measured using glycolysis

stress test in Seahorse XF96 Bioanalyzer (Seahorse Bio-

science, North Billerica, MA, USA) according to the manu-

facturer’s instructions. Briefly, 96-well Seahorse cell culture

plates (Seahorse Bioscience, North Billerica, MA, USA)

were coated with Cell-Tak (Corning Inc., Corning, NY,

USA) in advance. To hydrate a sensor cartridge, 200 µL of

distilled sterile water was added to each well of the XF

Utility Plate. The XF Sensor Cartridge was placed on top

of the utility plate and incubated overnight in 37 °C with-

out CO2. 45 min before experiment, water was replaced

with Seahorse Calibrant solution.

On the day of the experiment, assay medium was pre-

pared by supplementing Seahorse XF Base Medium

(102353-100; Seahorse Bioscience) with 2 mM glutamine,

warming it up to 37 °C and setting the pH to 7.4 with

0.1 N NaOH. 25 9 103 cells/50 µL assay media were

seeded per well and incubated for approximately 30 min at

37 °C without CO2 to ensure that the cells had completely

attached. 130 µL of warm assay medium was gently added

along the side of each well to get a final volume of 180 µL.

Glucose (G7021; Sigma-Aldrich), oligomycin (O4876;

Sigma-Aldrich), and 2-deoxy-D-glucose (D8375; Sigma-

Aldrich) were loaded into port A, port B, and port C of a

hydrated sensor cartridge, respectively. Final concentration

used for glucose, oligomycin, and 2-deoxy-D-glucose was

10 mM, 1 µM, and 50 µM, respectively.

Following calibration and equilibration, the cell culture

microplate was placed in the Seahorse bioanalyzer. The pro-

gram used for measuring glycolytic flux consisted of a 2-min

mixture, followed by a 5-min measurement after each injec-

tion. Data were analyzed using the Agilent Seahorse Analyzers

Wave 2.6 (Seahorse Bioscience, North Billerica, MA, USA).

Nanostring analysis

The nCounter Human Immunology v2 Kit and nCounter

Technology (Nanostring Technologies, Seattle, WA, USA)

was used following the manufacturer´s protocol to quantify

mRNA expression. The experiment was performed using

the nCounter Prep Station and nCounter Digital Analyzer

with the standard mRNA gene expression experiment pro-

tocol provided by Nanostring Technologies. Briefly, 100 ng

total RNA from myeloma cell lines was hybridized with

reporter probes overnight. Calculations of transcript num-

bers were done with the nSolver Analysis Software (Nanos-

tring Technologies). Sample data were normalized against

the positive controls and housekeeping genes in the kit.

ELISA

IFN-b and IFN-a2 in supernatants from cell lines were

detected with Human IFN-alpha 2/IFNA2 DuoSet ELISA

(DY9345-05; R&D Systems, Minneapolis, MN, USA) and

Human IFN-beta DuoSet ELISA (DY814-05; R&D Sys-

tems (Minneapolis, MN, USA)) following the instructions

from the manufacturer. Optical density was determined

using iMarkTM Microplate Absorbance Reader (Bio-Rad,

Hercules, CA, USA).

Data analysis and statistics

The GRAPHPAD PRISM (version 5 or 8; GraphPad Software

Inc., San Diego, CA, USA) was used for statistical analyses

and generation of most figures. Statistical tests were used as

indicated in the figure legends. Gene set enrichment analyses

were done with Enrichr [57,58] for both the gene expression

data derived from cell lines and gene expression data from

the CoMMpass study. RNA-seq data on purified MM cells

were downloaded from the CoMMpass interim analysis 13

(IA13) release (https://research.themmrf.org). Correlation

coefficients were calculated with a custom script. Differen-

tially expressed genes from the gene expression analysis of

JJN-3 and INA-6 cell lines were defined as genes with an

adjusted P-value < 0.05, and a log2 fold change of more than

+0.5 or less than �0.5. In the RNA-seq dataset with JJN-3

cells, transcripts with a base mean of < 10 were excluded. In

Table 1, genes in bold are genes upregulated with a fold

change of more than 10 by type I interferons in two or more

independent datasets in the Interferome database[59].
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