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Abstract

Prostate apoptosis response-4 (Par-4) was identified as a 
tumor suppressor protein that is silenced by promoter meth-
ylation in various cancers and has been shown to induce 
apoptosis selectively in cancer cells but not in normal cells. 
Par-4 interacts with a variety of partners in cells to medi-
ate various cellular responses and appears to have a pro-apop-
totic role in non-hematological tumors. Here, we summarize 
the literature on the role of Par-4 in hematological cells that is 
in contrast to its classic pro-apoptotic role. Par-4 is expressed 
basally in various hematopoietic cells and malignancies at the 
mRNA and protein level, but is predominant in the early 
stages of B-cell maturation and specifically in chronic 
lymphocytic leukemia (CLL). CLL B cells express higher 
levels of Par-4 than normal B-cell subsets and constitutively 
active B-cell receptor signaling (BCR) maintains high Par-4 
levels in these cells, suggesting a novel regulation of Par-4 
through BCR signaling. CLL cell growth is dependent on 
BCR signaling-mediated Par-4 expression, which is in part 
due to downregulation of p21 by Par-4. Bcl2 and NF-κB path-

ways cause differential regulation of apoptotic genes in con-
trast to non-hematological cancers, and Par-4 may also play a 
significant role in tumor microenvironment. Thus, Par-4 
appears to have unique roles in hematological malignancies.
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1	 �Introduction

One of the original hallmarks of cancer is to evade apoptosis 
and many cancers master this skill by down-regulating tumor 
suppressors and pro-apoptotic factors [1]. Prostate apoptosis 
response-4 (Par-4) is a tumor suppressor that is found to be 
downregulated in many cancers including renal cell carci-
noma [2], breast cancer [3], neuroblastoma [4], and also in 
about 40% of all endometrial cancers, where about 32% of 
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those cases were due to Par-4 promoter hypermethylation 
and occasionally due to silencing mutations [5, 6]. Early 
studies in lymphoid cells established that Par-4 expression is 
deregulated with decreased frequency of expression in 
immature or less differentiated populations and that an 
inverse expressional pattern exists between Par-4 and Bcl-2 
in leukemic cell lines and acute lymphocytic leukemia (ALL) 
[6, 7]. Par-4 was originally identified by Sells and colleagues 
by its upregulation during ionomycin-induced apoptosis of 
androgen-independent and -dependent rat prostate cancer 
cells in 1994 [8]. Shortly after, using a yeast two-hybrid 
assay and HEK-293 mammalian cells, Johnstone et al. dis-
covered that Par-4 interacts with the Wilm’s Tumor-1 pro-
tein, a transcriptional suppressor [9]. Additional early studies 
found that Par-4 also interacts physically with atypical pro-
tein kinase c (aPKC) and overexpression of Par-4  in NIH 
3T3 fibroblasts led to an apoptotic morphological change 
[10]. These initial studies defined Par-4 as a pro-apoptotic 
factor and tumor suppressor primarily in non-hematopoietic 
cells and suggested a similar role in hematopoietic cells. In 
fact, the first study to identify Par-4 as a pro-apoptotic pro-
tein in lymphatic cells showed that overexpression of Par-4 
per se in the Jurkat leukemia cells is not sufficient to induce 
apoptosis but markedly increased their sensitivity to apopto-
sis with different chemotherapeutic agents [11].

The human Par-4 gene is located on chromosome 12q21 
and contains 7 exons, encoding a 340 amino acid, 43-47 kDa 
protein [12, 13]. Par-4 is ubiquitously expressed in tissues of 
different species and Johnstone et al. found that mouse Par-4 
shows 83% and 91% identity to human and rat Par-4, respec-
tively [12]. Interestingly, the leucine zipper domain, carboxy 
terminal region, and nuclear localization sequences (NLS) 
exhibit 100% conservation across species [14]. The leucine 
zipper domain allows Par-4 to interact with other proteins as 
either a homo- or a  heterodimer. The nuclear localization 
sequences suggest that Par-4’s function is dependent on 
nuclear translocation; however, in normal tissues, Par-4 is 
localized mostly to the cytoplasm [15]. The NLS2 sequence 
is very interesting in Par-4 as it is sufficient to allow nuclear 
translocation alone, but it is also part of a domain that is nec-
essary for the apoptosis-inducing properties of Par-4, termed 
selective for apoptosis of cancer cell (SAC) domain [16]. 
SAC is a core domain of 59 amino acids in length and 
includes a threonine residue that is the site of phosphoryla-
tion via Protein Kinase A [17]. Activation of Par-4 through 
phosphorylation indicates that its function is tightly regu-
lated by post-translational modification. PKA, a broad spec-
trum serine/threonine kinase regulated by cAMP signaling, 
is associated with cell proliferation, and is frequently overex-
pressed in cancer cells [17]. Par-4 is able to utilize PKA 
upregulation in cancer cells to specifically induce apoptosis 
of cancer but not normal cells [17]. This selective ability of 
Par-4 makes it an attractive therapeutic target. Additionally, 

Par-4 is negatively regulated by AKT activity through phos-
phorylation at serine 249, which is located between the SAC 
domain and leucine zipper region [13]. Phosphorylation of 
Par-4 via Akt is required for cancer cell survival, as phos-
phorylation of Par-4 by Akt leads to binding of the chaperone 
14-3-3, retaining[18] Par-4  in the cytoplasm [19]. Many 
studies have linked the pro-apoptotic activity of Par-4 to its 
ability to inhibit NF-κB transcriptional activity. Activated 
Par-4 prevents PKC-ζ from phosphorylating IκB, which is 
necessary for RelA translocation to the nucleus [10, 18, 20]. 
Another mechanism of NF-κB inhibition is due to a direct 
repressive effect of Par-4 in the nucleus but the exact mecha-
nism still needs to be elucidated.

Seminal studies investigating Par-4 function led to the 
discovery that Par-4 is secreted from most cell types and can 
induce apoptosis of neighboring cells [21]. PC-3 (prostate 
cancer) cells transfected with GFP-labeled Par-4 or  SAC 
domain-GFP undergo apoptosis, but GFP-negative cells 
were also dying as measured through caspase-3 activa-
tion [21]. Par-4 secretion is independent of apoptosis. Par-4 
secretion occurs through the classical ER-Golgi pathway as 
inhibition of the network with brefeldin A (BFA) blocked 
secretion [13, 21]. Par-4 secretion is associated with the ER 
stress response and was also found to associate with GRP78, 
a member of the heat shock protein family 70 (HSP70) that 
works to facilitate proper protein folding, prevent intermedi-
ate aggregates, target misfolded proteins for degradation, 
bind calcium, and serve as an ER stress signal regulator [22]. 
Burikhanov et  al. showed that Par-4 and the SAC domain 
bind to GRP78 at the plasma membrane in response to 
TRAIL (tumor necrosis factor-related apoptosis-inducing 
ligand). TRAIL is a known ER stress-inducing factor and 
treatment of PC-3 cells with TRAIL led to increased GRP78/
Par-4 at the cell surface and induced apoptosis [23]. Initiation 
of extracellular Par-4-mediated apoptosis results in a feed-
back loop that promotes more translocation of Par-4 and 
GRP78 to the surface of the cell. More recently, Hebbar et al. 
have reported that an N-terminal 15 kDa fragment of Par-4 
generated by caspase-3 cleavage is pro-apoptotic to cancer 
cells and released by cancer cells treated with chemotherapy 
agents [24]. With respect to hematopoietic cells at least two 
studies reported in 2004, before the discovery of the role of 
secreted Par-4, have demonstrated that expression of Par-4 in 
Jurkat cells promotes a complex interplay between the intrin-
sic and extrinsic pathway of apoptosis through molecules 
such as Apaf-1 and survivin [25]. Par-4 was also shown to 
sensitize neoplastic lymphocytes to ligation of a death recep-
tor CD95 in the extrinsic pathway, thereby activating initia-
tor caspases 8 and 10 which are able to directly activate 
executioner caspases 6, 7, and 3 [26]. We describe the unique 
role of Par-4 in normal and cancerous hematological cells in 
the following sections.

S. K. Noothi et al.
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2	 �Par-4 Expression and Function 
in Immune Cells

There are now a number of gene expression data sets avail-
able from various sequencing studies utilizing normal and 
malignant hematopoietic cells for data curation of individual 
genes. We investigated the expression of PAWR (Par-4) gene 
in normal hematopoietic cells (Bloodspot.eu: Hemaexplorer) 
[27] and found that it was highly expressed in immature and 
progenitor stem cells compared to mature counterparts with 
the exception of B cells (Fig.  1). PAWR expression was 
significantly higher in B cells compared to other mature lym-
phoid cells including CD4 and CD8 T cells as well as HSCs 
(**p < 0.01; ***p < 0.0.001). Consistently, PAWR was found 
to be most highly expressed in B cells within the hematopoi-
etic hierarchical differentiation tree (Fig.  2). The elevated 
expression of Par-4 in B cells suggests it may play a unique 
role in B-cell neoplasms that we will discuss further in detail 
in Sects. 2, 3 and 4.

Similar to its role in non-hematological malignancies, 
Par-4 in hematological cells is involved in several protein–
protein interactions including but not limited to protein 
kinase A (PKA) [17], atypical protein kinase C [28], Wilm’s 
tumor 1 (WT-1) [9], death-associated protein (DAXX), 
DAP-like kinase/ZIP kinase (DLK/ZIPK) [29, 30] and 
THAP-domain protein 1 (THAP1) [31]. Par-4 interactions 

with PKA, PKC, and WT-1 are similar to those in non-
hematological cells and have been described in above cited 
references. Analysis of 62 untreated CLL patient peripheral 
blood and bone marrow samples showed a positive correla-
tion between Par-4 and both DAXX and ZIPK proteins [29]. 
Phosphorylation of Par-4 and DAXX by ZIPK is involved in 
the nuclear pathway of apoptosis in promyelocytic leukemia 
(PML) oncogenic domains (PODs, nuclear domains that 
exist in all nucleated mammalian cells) through caspase acti-
vation. Simultaneous overexpression of DAXX, Par-4, and 
ZIPK proteins leads to more than a six-fold increase in apop-
tosis [32]. It has also been shown that a nuclear pro-apoptotic 
factor THAP-1 co-localizes with Par-4 in PML nuclear bod-
ies (NBs) and that Par-4 is a component of PML NBs in 
blood vessels, which is a major site of PML expression 
in vivo [33]. PML nuclear bodies (PML NBs) are discrete 
membraneless subnuclear domains organized by the promy-
elocytic leukemia protein, PML, a tumor suppressor, with 
other client proteins. PML NBs function in promoting apop-
tosis by recruiting various pro-apoptotic proteins such as 
DAXX [34, 35] and p53 [36]. PML NBs were discovered 
through their disorganization in acute promyelocytic leuke-
mia (APL) and arsenic therapy-induced reorganization has 
been directly implicated in its eradication [37]. PML NBs 
like nucleoli and Cajal bodies are a type of liquid-like drop-
lets of biomolecules, which self-assemble within another liq-

Fig. 1  PAWR expression in normal hematopoietic cells according to 
BloodSpot Database, Normal Human Hematopoiesis (Hemaexplorer). 
Log2 expression of the PAWR gene in subsets of immature and mature 
immune cells. Significance was determined by student t-test (**p < 0.01; 
***p < 0.0001) (HSC_BM:Hematopoietic stem cells from bone marrow; 
early HPC_BM: Early hematopoietic progenitor cells from bone marrow; 

CMP: Common myeloid progenitor cell; GMP: Granulocyte monocyte 
progenitors; MEP: Megakaryocyte-erythroid progenitor cell; PM_BM: 
Promyelocyte from bone marrow; MY_BM: Myelocyte from bone mar-
row; PMN_BM: Polymorphonuclear cells from bone marrow; PMN_PB: 
Polymorphonuclear cells from peripheral blood; mDC: CD11c+ myeloid 
dendritic cells; pDC: CD123+ plasmacytoid dendritic cells)[27] 

Role of Par-4 in B-Cell Hematological Malignancies
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uid—the cytoplasm or nucleoplasm—and arise from a 
physicochemical process known as liquid-liquid phase sepa-
ration, sometimes also called coacervation [38]. At the 
molecular level, weak, transient interactions between differ-
ent proteins/RNA molecules with multivalent domains or 
intrinsically disordered regions are a driving force for this 
phase seperation [38]. Par4 is well known to interact weakly 
and transiently with a variety of proteins including various 
pro-apoptotic proteins including DAXX and p53 [39] which 
home into PML NBs. The structure of Par-4 has shown that 
it is basically an intrinsically disordered protein [40–42]. All 
these divergent properties of Par-4 should suggest an emerg-
ing theme of molecular interactions in organelles that do not 
have an enclosing membrane such as PML NBs to remain 
coherent structures that can compartmentalize and concen-
trate specific sets of molecules to orchestrate their function.

Par-4 and THAP1 have also been shown recently to form 
a protein complex by the interaction of their carboxyl termini 
and this complex competitively with Notch modulated alter-
native pre-mRNA splicing of cell cycle and apoptosis regula-
tor 1 (CCAR1) inducing cellular apoptosis in Jurkat cells, a 
human T-ALL cell line [31]. Genome-scale sequencing has 
revealed that more than 70% of the genome is transcribed 
into RNAs that do not produce protein. These RNAs are 
called noncoding RNAs (ncRNAs). Within the last decade, 
by integrating transcriptome profiles with chromatin state 
maps, many previously unreported T-ALL-specific lncRNA 
genes were identified. Notch-regulated LUNAR1 [43] and 
ARIEL (ARID5B-inducing enhancer-associated) long non-
coding RNAs [44] are a few that have garnered interest in 
T-ALL recently. A novel lncRNA, T-ALL-R-LncR1, discov-
ered with whole-transcriptome deep sequencing from the 

Jurkat leukemic T-cell line was shown to be markedly 
expressed in neoplastic T lymphocytes of children with 
T-ALL.  Further studies revealed that knockdown of this 
T-ALL-R-LncR1 facilitated the formation of a Par-4/THAP1 
protein complex, resulting in apoptosis [45]. This suggests a 
novel role of Par-4 in lncRNA-mediated escape of apoptosis 
in T-ALL.

To investigate the physiological role of Par-4, Garcia-Cao 
et  al. generated a whole body Par-4 knockout mouse. The 
average lifespan of Par-4 null mice is 18mo compared to 
25mo for Par-4 WT animals with a 87% propensity to 
develop tumors [18]. These mice also exhibited normal B- 
and T-cell development but do have a slight increase in total 
number of lymphocytes leading to an increase in spleen size 
[46]. The proportions of B and T cells were not changed in 
young mice lacking Par-4, nor were the memory subsets in 
each lymphocyte population suggesting that Par-4 does not 
play a role in B- or T-cell differentiation. Interestingly, the 
proliferative responses to BCR and TCR cross-linking were 
increased in Par4−/− compared to WT animals with increased 
B-cell proliferation associated with an increase in PKC-ζ 
activity. The lack of Par-4 in these mice led to hyperactiva-
tion of atypical protein kinases, blocking JNK signaling in 
CD4 + T cells that resulted in increased IL-4 production and 
skewed the null mice towards a Th2 response [46]. Of note, 
Par-4 deficiency in both CD4+ and CD8+ T cells resulted in 
increased IL-2 secretion post-TCR stimulation without 
changes in CD25 expression suggesting Par-4−/− T cells have 
enhanced functional activity. These observations by Lafuente 
and colleagues suggest that Par-4 plays a role in regulating B 
and T lymphocyte function. Par-4 is abundantly expressed in 
various leukemic/lymphoma cell lines and THP1, a human 

Fig. 2  PAWR expression as 
in Fig. 1 but depicted in 
hematopoietic hierarchical 
differentiation tree [27]. See 
Fig. 1 legend for 
abbreviations
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monocytic leukemia cell line (Fig.  3, left part). However, 
expression of Par-4 is dramatically decreased with differen-
tiation into macrophages by phorbol-12-myristate-13-acetate 
(PMA) treatment (Fig. 3, right). When Par-4 is overexpressed 
in Mycobacterium tuberculosis (Mtb strain: H37Ra) infected 
macrophages, intracellular survival of Mtb H37Ra was sig-
nificantly reduced, in part due to increased apoptosis [47].

3	 �Par-4 in B-cell Malignancies

B-cell malignancies encompass both lymphomas and leuke-
mias. According to the 2016 SEER database, leukemia is the 
ninth most common cancer in the USA contributing to 3.8% 
of all reported cancer deaths [48]. As a cancer of the blood, 
abnormal leukemic cells accumulate and do not die, suppress 
the function of normal immune cells, and eventually out-
populate other hematopoietic cell types resulting in anemia. 
Leukemia may be classified as chronic (slow progression of 
mature cells) or acute (rapid growth of primarily immature 
cells) and can affect both the myeloid and lymphoid white 
blood cells. Patients that are diagnosed with acute leukemia 
will normally start treatment as soon as possible while 
patients with chronic leukemia may be placed under a “wait 
and watch” status until symptoms progress. Subtypes of leu-
kemia include: acute lymphoblastic leukemia, chronic lym-
phocytic leukemia, acute myelogenous leukemia, and 
chronic myelogenous leukemia (CML). Specifically, CLL is 
the most common adult leukemia in the Western world and 
like all leukemias, patients are grouped into fast or slow pro-
gressing disease based on prognostic indicators. Many 
patients with CLL may live a relatively normal life without 
symptoms, while others may only survive months to years 
after diagnosis or treatment initiation. Patients with CLL do 
have an 82% 5-year survival rate but experts in the field clas-
sify CLL as incurable [49].

CLL is a highly heterogeneous disease in terms of clinical 
course as some patients may live decades past initial diagno-
sis and likely die from other complications such as infec-
tions, while others may progress more rapidly. This 
heterogeneity can be attributed in part to mutations found 
within the variable gene segments of the BCR [50]. CLL can 
be classified into mutated (M-CLL) and unmutated (U-CLL) 
forms, the latter resulting in increased BCR signaling, more 
aggressive disease, and worse prognosis. This BCR signal-
ing pathway is a desirable target as it is required for the sur-
vival of malignant B cells and is constitutively activated in 
many CLL cases and B-lymphomas [51, 52]. Additionally, 
the microenvironment has been found to play a key role in 
promoting the growth of B-cell malignancies, including 
CLL, by providing proliferative signals and promoting drug 
resistance [53, 54]. BCR signaling and microenvironment 
make CLL a very complex disease to study and treat but also 
allows for new targets to be explored for therapeutic 
potential.

Primarily, Par-4 has been characterized in the context of a 
diseased state rather than healthy tissues but a few studies 
have investigated its expression in lymphoid cells. Boehrer 
et  al. reported the expression pattern of Par-4 mRNA and 
protein levels in healthy donor peripheral mononuclear cells 
compared to patients with ALL and CLL.  Par-4 protein 
expression was detected in 100% of the healthy mononuclear 
cells and CLL samples [7]. Conversely, Par-4 protein levels 
were detected in 50% and 70% of pro-lymphocytic leukemia 
(PLL) and ALL samples, respectively, suggesting that Par-4 
protein is downregulated in less differentiated cells compris-
ing PLL and ALL compared to more mature cell populations 
of peripheral mononuclear cells and CLL [55]. In the same 
study, the authors also reported that sorted B and T cells 
expressed the Par-4 protein consistent with the Par-4 mRNA 
expression patterns from gene expression databases summa-
rized above. Analysis provided by Bloodspot database using 
the leukemia MILE study shows PAWR to be highly expressed 

Fig. 3  Expression of Par-4 protein in various hematological cells; 
Mec1(human CLL); Ly3 and Ly10 (Diffuse Large B-Cell Lymphoma); 
SUDHL6 (Diffuse Histiocytic Lymphoma); Raji and Ramos (Burkitt’s 
lymphoma); CLL (Eμ-Tcl1 mouse); Thp1 (human monocytic leuke-

mia); Raw264.7 (murine macrophage cell line). Thp1 monocytes were 
differentiated into macrophages by treating with PMA which was 
accompanied by a decrease in Par-4 (Western blot on the right side)

Role of Par-4 in B-Cell Hematological Malignancies
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in CLL samples compared to other types of leukemias as 
well as normal bone marrow (Fig. 4).

Several studies have examined Par-4 levels in CLL 
leading to prognostic predictions. Initially, Boehrer et al. 
examined the levels of Par-4  in normal and neoplastic 
lymphocytes and found that all patients with CLL 
(n = 30) expressed Par-4 protein, but only 63% were pos-
itive for Par-4 mRNA expression suggesting that there 
may be a difference in Par-4 regulation in different types 
of leukemias [7]. Bcl-2 is a well-characterized protoon-
cogene initially identified at the chromosomal break-
point of t(14;18) bearing B-cell lymphomas. 
Overexpression of Bcl-2 is to be considered a crucial 
event in leukemogenesis/lymphomagenesis and is aber-
rantly overexpressed in CLL, follicular lymphoma (FL), 
mantle cell lymphoma (MCL), Waldenstrom macroglob-
ulinemia (WM), and one-third of diffuse large B-cell 
lymphoma (DLBCL) [56]. Bcl-2 is unique among proto-
oncogenes in that it is localized to mitochondria as a key 
regulator of the intrinsic, mitochondrial apoptotic path-
way for specifically blocking apoptosis rather than pro-
moting proliferation [57]. Bcl2 family of proteins are 

also important in inducing drug resistance by many of 
the chemotherapeutic agents including the most recently 
approved Bcl2 inhibitor drug Venetoclax [56]. Bcl-2 is 
directly antagonistic to the actions of Par-4. It is evident 
that in non-hematopoietic cancer cells Par-4 is consis-
tently downregulated and as such the effects of Par-4 on 
Bcl2 might be straightforward with respect to the intrin-
sic mitochondrial pathway of apoptosis. However, in 
hematopoietic cancer cells with a robust Bcl2 activity, 
the levels of Par-4 required to counteract it need to be 
different and this shifts the rheostat of pro- and anti-
apoptotic mechanisms intracellularly. Hence, these can-
cer cells expressing high Bcl2 might express more Par-4, 
but this amount of Par-4 is  not amenable to apoptosis 
without additional stimuli. It is not surprising that syner-
gistic and antagonistic drug combinations within a sin-
gle lymphoma model led to uncorrelated levels of Bcl2 
and Par-4 [58]. Previous studies had indicated that Par-4 
and Bcl-2 are inversely correlated [59], but there was no 
relationship found between the expression of Par-4 and 
Bcl-2 protein expression in CLL patients. Next, Chow 
and colleagues found that CLL patients that lacked the 

Fig. 4  PAWR log2 expression in various hematological diseases with indicated mutations. Figure is adapted from Bloodspot.eu analysis of leu-
kemia MILE study [27]. (ALL: Acute Lymphocytic leukemia (ALL); AML: Acute Myeloid Leukemia; CLL: Chronic Lymphocytic Leukemia; 
CML: Chronic Myeloid Leukemia; MDS: Myelodysplastic syndrome; T-ALL: T cell ALL; B-ALL: B cell ALL; t: translocation; inv: inversion; 
c:common; pre:precursor)
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Imatinib targets BCR-ABL, C-Kit and PDGFR were still 
sensitive to Imatinib treatment and that, the response 
correlated with Par-4 expression [30]. Additionally, this 
study confirmed Boehrer et al. findings that there was no 
relationship between Par-4 expression and Bcl-2 in 
patients that did or did not respond to Imatinib treat-
ment. Par-4 was also downregulated in the course of the 
treatment with Imatinib when cells underwent apoptosis 
after caspase-8 and -3 activation [30]. Lastly, Bojarska-
Junak and colleagues assessed the expression of Par-4 in 
CLL B cells and found a positive correlation of Par-4 
with Bcl-2, which is opposite of what is observed in 
non-hematopoietic cells (Fig. 5).

Par-4 was also positively correlated with DAXX (death-
associated protein), and ZIPK (zipper-interacting protein 
kinase) expression in CLL patients [29]. Additionally, Par-4 
was found to positively correlate with LDH (lactate dehydro-
genase) serum concentrations and was more highly expressed 
in CD38+ CLL patients who have a more aggressive form of 
CLL disease [50, 60]. These initial studies suggested that 
Par-4  in CLL may be regulated differently. Importantly, 
rather than being downregulated as shown in other cancers, 
Par-4 was found to be expressed in 30/30 human CLL patient 
samples [7]. These results were also confirmed in another 
study showing increased Par-4 expression in peripheral 
blood mononuclear cells (PBMCs) of human CLL patients, 
compared to healthy donor PBMCs [61]. These surprising 
discoveries suggested that aberrant Par-4 expression in CLL 
is unique and is further discussed below.

4	 �Intrinsic Role of Par-4 in CLL

4.1	 �Par-4 Expression in CLL

Even with the incredible discoveries made in the field of 
chronic lymphocytic leukemia over the last few decades, the 
cellular origin of the disease is still debated today [62, 63]. 
CLL cells distinctively express CD19, CD5, CD23, as well 
as surface Ig molecules [60]. CD19 is a surface antigen that 
is expressed on both normal and neoplastic B cells and is 
critical for intrinsic B-cell signaling through BCR interac-
tions as well as BCR-independent signaling [64]. CD5 is 
also a cell surface molecule that is expressed on thymocytes, 
mature T cells, and B1 cells but not on conventional B2 pop-
ulation [65]. Previous studies have also indicated that CD5 is 
found on some activated human B cells that are autoreactive 
[66]. CD5 is thought to be a negative regulator to mitigate 
signaling in order to prevent over activation of signaling 
downstream of the TCR or BCR [67].

The co-expression of low IgM and IgD levels on the sur-
face of CLL cells originally suggested that these cells arise 
from naïve antigen-inexperienced B cells [68]. Further stud-
ies classified CLL into two subgroups, M-CLL and U-CLL 
defined by mutations in the variable gene segments of the 
BCR indicating that 50–60% of CLL cells had undergone 
somatic hypermutation (M-CLL), leading to hypotheses that 
suggest CLL cells are derived from two cellular origins [69, 
70]. Seifert and colleagues suggest that U-CLL cells are 
derived from unmutated mature CD5+ B cells as their IgV 

Fig. 5  Cartoon depicting the differences in the role of Par-4 in non-hematological vs hematological malignancies (Created with BioRender.com)

Role of Par-4 in B-Cell Hematological Malignancies
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sequence is less than 2% different from germline, whereas 
M-CLL cells are derived from a distinct CD5 + CD27+ post-
germinal center B cell [62]. An additional study investigating 
phenotypic markers found that CLL cells express more of an 
activated state (CD69  +  CD25  +  CD71+) independent of 
their Ig mutational status when compared to normal CD5+ B 
cells in humans, suggesting that CLL cells are mature 
antigen-experienced cells [68]. Antigen-experienced cells 
can be derived from cells that undergo somatic hypermuta-
tion within a germinal center or from extrafollicular 
responses, but may also develop in a T cell-independent 
manner which may account for CLL cells that have unmu-
tated Ig variable regions [70, 71]. Further support for antigen-
experienced B cells to be CLL precursors comes from studies 
that have examined the BCR repertoire in multiple CLL 
samples. It is well accepted that CLL cells have constitutive 
BCR signaling, but CLL cells also respond to antigen [72, 
73]. Recent studies have found that 30% of BCR immuno-
globulins within the CLL patient population are quasi-
identical resulting in a stereotypy of BCRs [72, 74, 75]. This 
indicates that the malignant B cells from unrelated patients 
recognize similar antigens suggesting that there are a few 
common epitopes which activate CLL cells. Not many anti-
gens have been identified to stimulate CLL cells, but one 
potential candidate is non-muscle myosin heavy chain IIA 
which is an intracellular protein that interacts with actin to 
provide cellular movement and therefore is considered a 
self-antigen [76]. This is interesting as B1 cells are thought 
to be self-reactive and respond to autoantigens supporting 
the idea that CLL cells are derived from B1 cells [70]. Cell 
autonomous signaling was identified in some CLL patients 
that express specific immunoglobulin variable regions which 
also associate with greater severity of the CLL disease. This 
is thought to be due to homotypic interactions of B-cell 
receptors with specific V region mutations [77, 78].

B1 cells are primarily found within the peritoneal cavity 
of mice but are also present in the spleen, albeit at a lower 
level [79]. As mentioned before, B1 cells express self-
reactive BCRs but respond poorly to BCR cross-linking to 
prevent against self-activation that is suggested to be medi-
ated through CD5 [67, 75, 79, 80]. B1 cells also express 
restricted BCRs with a predominance of VH12 promoting B1 
phenotype [81] and are known to produce antibody quickly 
in response to infection, primarily IgM, independent of T-cell 
help (similar to U-CLL) [82]. Additionally, B1 cells are 
divided into B1a (CD5+) and B1b (CD5-) subsets where B1a 
cells are the primary source of natural IgM production and 
B1b cells respond to antigens in mice [63, 79, 83]. It has 
been suggested that B1a cells serve as the normal counter-
part for CLL cells [61]. Elegant studies by Rajewsky and 
colleagues, where conditional ablation of BCR signaling was 
combined with conditional activation of candidate down-
stream signaling pathways of the same cell in vivo, led to the 

novel revelation that mature B-cell subsets may differ in their 
dependence on specific signaling pathways. Specifically 
genetic ablation of canonical NF-κB signaling in mature B 
cells in mice severely impaired development of marginal 
zone B cells, but had only mild effects on follicular B cells 
[84]. Thus, Nf-κB is a critical transcription factor for both B1 
cells and CLL cells.

Adoptive transfer studies of young/early B1a populations 
into immunocompromised recipient mice led to the develop-
ment of CLL-like disease [85]. CLL development in this 
study was independent of oncogene expression but a follow-
up study was able to confirm that early B1a cells expressing 
the oncogene, T-cell leukemia 1 (Tcl1), also led to the devel-
opment of CLL in recipient mice [86]. These authors did 
note that not all B1a cells result in CLL development, but 
were restricted to specific BCRs that were later identified to 
promote CLL growth [85, 86]. Additional studies favoring 
the B1a population serving as CLL normal counterpart pro-
vide evidence that both B1a cells and CLL cells secrete sig-
nificant amounts of the cytokine Interleukin-10 that works to 
suppress the immune response [80].

Controversy regarding the normal counterpart of CLL has 
been focused on the inability to identify a human B1 popula-
tion that is similar to mouse B1 cells [87]. Recently, reverse 
engineering has allowed researchers to identify a human B1 
cell population within the umbilical cord blood and adult 
peripheral blood [88]. Rothstein et al. summarized evidence 
showing that mouse and human B1 cells share similar phe-
notypes and also express autoreactive antibodies that protect 
against infections. Seifert and colleagues compared normal 
CD5+ B cells from healthy human donors with both popula-
tions of CLL cells, M-CLL and U-CLL, and confirmed that 
CD5+ B cells are the normal B-cell subset that are most sim-
ilar to CLL [62]. Additionally, a recent review also summa-
rizes evidence that identifies B1 cells as the origin of CLL 
[89].

Interestingly, a case report involving a 65y male with 
stage IV CLL identified a “Side Population” of CLL cells 
identified through flow cytometry that were proposed to be 
precursors to leukemic development [90]. Ablation of these 
cells through vaccination after CD40L stimulation dimin-
ished the bulk of the disease 12 months after treatment. The 
“side population” of cells were CD5 and CD19 positive and 
thought to be similar to the cancer stem cell population char-
acterized in other types of tumor models [91]. True identifi-
cation of this “side population” would be of great benefit to 
determine if the likely B1 cells give rise to the malignant 
counterpart.

Intriguingly, one study investigated if CLL cells could be 
generated from self-renewing adults HSCs [92]. HSCs from 
CLL patients developed monoclonal or oligoclonal B cells 
that frequently expressed CD5. According to the Bloodspot 
database in Figs.  1 and 2, HSCs, B cells and CLL cells 
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express high levels of Par-4 and it would be of interest to 
further investigate the role of Par-4 in B-cell development.

Because of these studies, McKenna and colleagues com-
pared Par-4 expression in CLL cells to normal B1 and B2 sub-
sets. Utilizing the Eμ-Tcl1 mouse which is considered to be 
the most representative model of human CLL [93–97], they 
measured Par-4 protein and mRNA levels in mouse CLL cells 
compared to wildtype (WT) mouse B cells. WT B1a cells 
expressed more Par-4 compared to the other B-cell popula-
tions in WT mice but only ~33% of the levels observed in 
CLL. Par-4 mRNA expression was also elevated in CLL cells 
compared to B-cell subsets, mirroring the levels of Par-4 pro-
tein expression. We further analyzed the B-cell subsets in the 
Eμ-Tcl1 mouse to confirm that Par-4 expression was not 
dependent on the overexpression of the Tcl1 oncogene. We 
isolated different B cell subsets from 2mo old Eμ-Tcl1 mice 
that had no detectable levels of CLL in the peripheral blood 
and measured Par-4 levels compared to WT B cell subsets 
(Suppl. Figure  1C in ref. 61). B1a Eμ-Tcl1 cells expressed 
higher Par-4 protein levels compared to B1b and conventional 
B2 Eμ-Tcl1 cells. This finding was similar to what was 
observed in WT B cell subsets which continues to suggest B1a 
cells exhibit characteristics similar to CLL cells. Importantly, 
elevated levels of Par-4 were also detected in human CLL 
samples compared to normal B cells which are consistent with 
studies presented by Boehrer and colleagues in that most CLL 
samples have detectable Par-4 protein levels [7].

Furthermore, CLL is known to be more common in 
elderly with an average age of CLL patients being 71. 
Interestingly, we found that B cells from aged mice express 
more Par-4 than those from young mice (unpublished). This 
was unique to B cells since there was no such age-related 
increase in other tissues such as liver and heart but also con-
sistent with other reports that B cells express more Par-4 than 
other cell types (Fig. 1).

4.2	 �BCR-Mediated Par-4 Regulation in CLL

High expression levels of Par-4 in CLL led to the investiga-
tion of its regulation. In spite of original observation about 
the increase in Par-4 upon ionomycin treatment, there are 
very few studies that examine signaling pathways that induce 
Par-4 expression. Since CLL cells have been shown to have 
elevated tonic BCR signaling [98, 99], McKenna and col-
leagues tested the hypothesis that Par-4 expression may be 
regulated by BCR signaling. The BCR pathway is required 
for the survival of both normal and malignant B cells despite 
their oncogenic activation, making it a therapeutic target in 
B-cell malignancies [51, 98, 100]. Kinase inhibitors target-
ing Src family kinases (SFK) [101], Syk [102], BTK [103], 
and PI3K [104] have all been proven effective in the treat-
ment of CLL as each inhibit the required downstream sur-

vival signals. Anti-CD20 monoclonal antibodies such as 
rituximab have also been proven efficient with combination 
of other chemotherapies [105]. We therefore utilized FDA-
approved therapies to target BCR signaling and examined 
their effects on Par-4 expression. Treatment with dasatinib 
(SFK inhibitor), fostamatinib (SYK inhibitor), and ibrutinib 
(BTK inhibitor) all led to a decrease in Eμ-Tcl1 CLL cell 
survival accompanied by a reduction in Par-4 expression 
[61]. Par-4 mRNA levels decreased after SFK and BTK inhi-
bition, suggesting regulation at the transcript level. 
Additionally, Par-4 protein downregulation was replicated in 
primary human CLL samples after treatment with dasatinib 
and fostamatinib indicating that this is not unique to mouse 
CLL cells. shRNA knockdown of Lyn, the most prevalent 
SFK in B cells, also led to a decrease in Par-4 expression. 
The most compelling evidence that Par-4 is regulated by 
BCR signaling is by targeting Igα or CD79a which con-
firmed that Par-4 is downstream of BCR activation and regu-
lated through this signaling pathway. Additional studies 
investigating the levels of Par-4 after ERK inhibition in CLL 
cells showed that Par-4 is further downstream of the BCR 
signaling cascade. These results provide evidence that a 
well-defined survival signaling pathway is regulating the 
expression of Par-4 specifically in B cells since downregula-
tion of Par-4 was not observed after ERK inhibition in PC-3 
cells as shown by McKenna and colleagues [61].

4.3	 �Role of Par-4 in the Regulation of CLL 
Growth Kinetics

The aberrant expression of Par-4  in CLL and regulation 
through BCR signaling leads to the question of the true role 
of Par-4 in CLL. Par-4 knockdown studies in two CLL cell 
lines (Mec-1 and OSUCLL) resulted in a reduced growth 
rate in vitro and in xenograft in vivo studies [61]. Par-4 
knockdown in these cells lead to increased Akt phosphoryla-
tion and reduced Bcl2 levels concordant with previous litera-
ture [7, 106] and to promote prosurvival signaling and 
anti-apoptotic pathways. Studies investigating the reduced 
growth rate in Par-4 knockdown cells revealed fewer cells 
entering S phase but more cells in G1 phase suggesting a halt 
in the G1 to S transition and a unique increase in p21 expres-
sion. p21 is involved in different phases of the cell cycle, but 
primarily works to control the transition from G1 to S [107].

The reduced CLL growth with the loss of Par-4 was also 
confirmed by crossing the Eμ-Tcl1 mouse with a Par-4−/− 
mouse. CLL development was significantly delayed in Par-
4−/−EμTcl1 mice compared to Par-4+/+EμTcl1 mice leading 
to an overall improved survival [61]. Indeed, Par-4−/−EμTcl1 
spleen cells expressed higher p21 protein levels compared to 
Par-4+/+EμTcl1 spleen cells providing in vivo confirmation of 
p21 upregulation observed in vitro using Par-4 knockdown 
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cell lines. In order for p21 to execute its function to block the 
cell cycle from G1 to S phase, p21 must be found in the 
nucleus of the cell [108]. Nuclear and cytoplasmic fractions 
of Par-4+/+EμTcl1 and Par-4−/−EμTcl1 spleen cells were 
examined and was found that Par-4−/−EμTcl1 cells had 
greater nuclear p21 levels compared to Par-4+/+EμTcl1 cells, 
further confirming that Par-4 knockout led to increased lev-
els of functional p21 [61]. This novel finding in CLL is clini-
cally relevant as a study investigating the expression of 
p21  in CLL cases and patients with Richter’s syndrome 
found that 80% of CLL cases did not express detectable lev-
els of p21 [109]. Forty-three percent of patients with Richter’s 
syndrome did express detectable levels of p21. Cobo et al. 
analyzed the sequence of p21  in three CLL patients and 6 
Richter’s syndrome patients to find a germline configuration 
in all of them indicating that it was not mutated. Sequencing 
of the p21 gene in the Par-4 knockdown and knockout cells 
to confirm the mutation was not done, but an increase in 
nuclear p21 levels in Par4−/−Eμ-Tcl1 CLL cells was 
observed suggesting that p21 is still able to translocate to the 
nucleus and function in the regulation of the cell cycle that 
occurs in the nucleus [61].

Greene and colleagues investigated the effect of overex-
pression of Par-4  in CLL leukemogenesis in the Eμ-Tcl1 
mouse [110]. They generated a B cell-specific human Par-4 
overexpressing mouse and crossed it to the Eμ-Tcl1 mouse 
resulting in reduced accumulation of CD5  +  CD19+ CLL 
cells. They went on to determine that Par-4 overexpression 
impedes Tcl1-driven NF-κB signaling with reduced nuclear 
translocation of p65. This finding aligns well with the role of 
Par-4 and its known interactions with NF-κB [111] and 
emphasizes the distinct roles of physiological versus 
increased intracellular levels of Par-4. It also provides further 
evidence of the pleiotropic roles that Par-4 may play in the 
development of B cell-specific CLL as well as in its sur-
rounding microenvironment.

5	 �Par-4 in the Tumor Microenvironment

The original hallmarks of cancer proposed by Hannahan and 
Weinberg have been expanded to include the tumor microen-
vironment that promotes growth of cancer cells by avoiding 
apoptosis and evading immune suppression [112]. However, 
the dependence of cancer cells on a protective niche is a very 
old concept dating as far back as 1889 with Stephen Paget’s 
“seed and soil hypothesis” [113]. Both solid and hemato-
logic tumors are very heterogeneous and comprise of multi-
ple different cell types such as stromal cells, endothelial 
cells, tumor infiltrating macrophages, and lymphocytes 
accounting for more than half of the total tumor cell mass. 
These accessory cells produce vascular growth factors and 
various cytokines and chemokines that support cancer cell 

growth [114]. Compelling evidence exists that recognizes 
the importance of the BCR signaling pathway, Chemokine 
(C–X–C motif) Receptor 4 (CXCR4) and Chemokine 
(C–X–C motif) Ligand 12 (CXCL12) axis, which are key 
pathways of CLL microenvironment cross talk [115]. The 
role of tumor microenvironment in the form of bone marrow 
or secondary lymphoid organs that can provide a unique 
niche for CLL proliferation is based on the following:

	(a)	 Primary CLL cells do not proliferate or survive in long-
term in vitro cultures, but undergo spontaneous apopto-
sis even when conditions that support the growth of 
other B-cell lines are provided [116].

	(b)	 CLL cells proliferate primarily in secondary lymphatic 
tissues, where they form characteristic “proliferation 
centers,” sometimes also referred to as “pseudofollicles” 
[117].

	(c)	 Deuterium (2H) labeling in patients with CLL demon-
strated that lymph nodes are the principle site of prolif-
eration compared to bone marrow or blood [118].

	(d)	 The unique gene expression profile along with Ki67 
staining of CLL cells isolated from lymph nodes com-
pared to blood and bone marrow-derived CLL cells 
[119].

	(e)	 BCR signaling targeted therapies as a drug class effect, 
induce “redistribution lymphocytosis” causing a rapid 
shrinkage of primarily lymph nodes with a transient 
increase in blood leukemic cell counts [120, 121].

The actual site of proliferation and the CLL microenviron-
ment is still debated in the field. This could be because CLL 
cells are found within the peripheral blood, bone marrow, 
and other secondary lymphoid organs in which the malignant 
cell comes into contact with a variety of accessory cells 
depending on their location. Although studies in human sam-
ples find that the lymph node is the site of CLL proliferation; 
questions are still raised based on the dramatic splenomegaly 
observed in mouse models [118, 122]. Splenomegaly is 
indeed observed in human CLL patients at later stages of the 
disease but role of spleen as a secondary lymphoid organ 
during earlier stages of human CLL is not known, as it is not 
amenable to surgical interventions.

The CLL tumor microenvironment provides a physical 
location supporting the cross talk between malignant cells 
and accessory cells that inhibit apoptosis and also provide 
resistance to drug treatment [123]. CLL is a slow progressing 
disease and was originally thought to simply be an accumu-
lation of cells with defective apoptosis, but recent studies 
using deuterium labeling have determined that CLL cells 
proliferate at a rate of 0.1–1% per day suggesting that CLL is 
a dynamic disease involving cell proliferation [124]. 
Pseudofollicular proliferation centers that are found through-
out infiltrated tissues are the source of newly generated CLL 
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cells [125]. Within this area, CLL cells depend on stimula-
tion through a functioning BCR as discussed above. It is well 
appreciated that some CLL cells may be activated through 
antigen-dependent manner and the microenvironment may 
be the source of antigen/stimulus [126]. Theses antigens are 
not specifically defined, but may include microbial antigens, 
natural antibodies, and autoantigens expressed by dying 
cells. As noted above cell autonomous signaling due to 
homotypic interactions of BCR may be involved in a subset 
of CLL patients.

The CLL microenvironment promotes cell-to-cell inter-
actions with a variety of different cell types. Direct interac-
tion between B-CLL cells and T cells via CD40 on B cells 
and CD40L on T cells provides a proliferative stimulus 
[127]. CD40 signaling in B cells induces expression of anti-
apoptotic molecules and proliferative signaling through 
AKT, ERK, TRAF, and NF-κB.  T cells also secrete cyto-
kines such as IL-4, TNFα, and IL-2 that support CLL prolif-
eration. Alternatively, the CLL microenvironment also 
supports immune evasion allowing CLL cells to dampen the 
immune function of cytotoxic T cells by secreting immuno-
suppressive cytokines like TGFβ and IL-10 [127, 128].

Stromal cells derived from bone marrow or other second-
ary lymphoid tissues support the survival and proliferation of 
CLL cells [129]. This interaction provides a bi-directional 
cross talk that promotes the growth of both CLL and stromal 
cells. In cell culture, CLL cells actually migrate beneath 
bone marrow mesenchymal cells, a process known as pseu-
doemperipolesis, suggesting that this interaction is depen-
dent on cell contact in order for CLL cells to survive. Cells 
known as nurse-like cells (NLC) can be found in the periph-
eral blood of patients that are derived from monocytes and 
become adherent in culture systems [130]. These cells 
express stromal cell-derived factor-1 (SDF-1) that binds to 
CXCR4 on CLL cells to prevent spontaneous apoptosis and 
promotes resistance of CLL cells to chemotherapies. 
CXCL12 is also secreted by NLCs as well as mesenchymal-
derived stromal cells that attract CLL cells via CXCR4 
towards proliferation centers within the secondary lymphoid 
compartments [131]. The phenomenon of “redistribution 
lymphocytosis” with BCR signaling inhibitors in CLL where 
mobilized CLL cells, devoid of their nourishing microenvi-
ronment in lymph nodes, die gradually has led researchers to 
propose a novel mechanism of action called “death by 
neglect” [121]. Similar to CLL cells dying in vitro, CLL 
cells detached from their supportive tissue microenviron-
ment leads to anoikis, a form of programmed cell death 
[132]. It is interesting to note that BCR signaling inhibitor, 
specifically the Bruton tyrosine kinase (Btk) inhibitor, ibruti-
nib inhibits not only the BCR signaling in the CLL cells but 
also signaling of other cell surface receptors including che-
mokine receptors and adhesion molecules [133, 134]. This 
has been proposed to be the mechanism of redistribution 

lymphocytosis which is also seen in the other classes of BCR 
signaling inhibitors such as phosphoinositol 3 kinase (PI3K) 
inhibitor, idelalisib, and inhibitors of SYK and PI3Kδ which 
are involved in signal transduction pathways of chemokine 
receptors and adhesion molecules [135, 136]. Redistribution 
lymphocytosis does not cause any adverse symptoms and 
resolves over time. Ibrutinib is also known to cause redistri-
bution lymphocytosis in mantle cell lymphoma (MCL) 
[137], Waldenstrom macroglobulinemia (WM) [138] and 
DLBCL. However, activated B-cell-like (ABC) subtype of 
DLBCL cells are  exquisitely sensitive to ibrutinib but not 
GCB-DLBCL. This is interesting because ABC-DLBCL are 
known to have chronic active BCR signaling [139] and use 
an amplified prosurvival NF-κB signaling [140].

There are very few studies looking at the role of Par-4 in 
tumor microenvironment of hematological malignancies. In 
solid tumors, the role of secreted Par-4 is gaining increased 
attention since it was discovered to be secreted extracellu-
larly and to act exclusively on cancer cells in a paracrine 
manner and preventing metastasis [141–144]. Cancer-
associated fibroblasts (CAFs) in contrast to normal fibro-
blasts were modified through an miRNA-dependent (mir-7) 
pathway to dramatically reduce the secretion of Par-4. 
Inhibition of mir-7 expression in CAFs induced them to con-
vert back to normal fibroblasts [145].

Chronic active BCR signaling results in constitutive acti-
vation of NF-κB and PI3K pathways, both of which are regu-
lated by Par-4 as discussed initially [61, 110]. 
Antigen-independent tonic BCR signaling supports survival 
of malignant B cells primarily through the PI3K–AKT–
mTOR pathway which is also closely linked to Par-4. These 
pathways are again involved in regulating homing of malig-
nant cells and retention of proliferating cells in a supportive 
niche as evidenced by novel BCR inhibitors causing “redis-
tribution lymphocytosis.” Hence, it is not over-arching to 
hypothesize that aberrant levels of Par-4  in hematological 
malignancies like CLL alter the balance required to inhibit 
tumorogenic signals.

As summarized above, CLL cells overexpress Par-4 com-
pared to its levels in normal B-cell subsets [61]. Additionally, 
CLL cells secrete Par-4 that can induce apoptosis of other 
cancer cell lines. This led us to question if Par-4 from CLL 
cells is able to manipulate the microenvironment’s ability to 
promote or delay CLL growth. Studies in our laboratory 
have confirmed that the spleen is the primary site of CLL 
tumor growth in the primary Eμ-Tcl1 mouse model of CLL 
as well as in adoptive transfer recipients as splenectomy dra-
matically delayed the development of CLL (manuscript in 
preparation). We have previously described the difference in 
CLL development between the Par-4−/−EμTcl1 and Par-
4+/+EμTcl1 mice [61]. Par-4−/−EμTcl1 mice exhibited an 
improved lifespan compared to Par-4+/+EμTcl1 suggesting 
that the lack of Par-4 intrinsically and/or extracellularly 
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reduced the aggressiveness of the disease. And since elimi-
nation of the primary site of CLL growth with splenectomy 
results in delayed CLL development, we splenectomized 
Par-4−/− mice to see if the lack of spleen and Par-4 may con-
tribute to changes in CLL growth. Interestingly, we find that 
absence of the spleen in the Par-4 null background allows for 
faster growth of CLL cells elsewhere (unpublished), suggest-
ing that Par-4 plays a significant inhibitory role extracellu-
larly in the tumor microenvironment.

6	 �Summary and Future Outlook

In this chapter, we summarized the expression pattern of 
Par-4 in normal and malignant immune cells. Unlike its well-
established tumor suppressor role in solid cancers, the role of 
Par-4 in hematological malignancies is complex. In CLL, we 
have shown that constitutive BCR signaling leads to high 
levels of Par-4 and a cell intrinsic prosurvival role for Par-4 in 
CLL cells. This is consistent with a variety of BCR signaling 
inhibitors that have been shown to be effective in control of 
CLL disease in patients. Our studies showing an inverse rela-
tion between Par-4 and p21 expression suggested that drugs 
affecting cell cycle could affect CLL despite their low prolif-
eration index. Indeed, Dinaciclib, a CDK inhibitor, has been 
found to have beneficiary effects in refractory and relapsed 
CLL patients [146]. This approach may be important for 
CLL patients with Chr17 deletion (del (17p)) who have a 
more aggressive form of CLL disease, with a poor prognosis. 
This deletion leads to the absence of p53, which is known to 
upregulate p21. Currently, there are no therapies that specifi-
cally target this pathway [147]. We have highlighted here the 
absence of the inverse relation between Par-4 and Bcl2 as 
well as differential regulation of NF-κB in leukemias, which 
is in contrast to that seen in non-hematological malignancies 
(Fig. 5).

Like most cell types, CLL cells secrete Par-4 but are resis-
tant to cytotoxic effects of secreted Par-4. On the other hand, 
we have discovered that Par-4 has a profound effect on CLL 
microenvironment. Our studies have shown a unique role for 
splenic microenvironment for CLL growth. Absence of 
Par-4  in the microenvironment of splenectomized mice 
enables better CLL growth. Presently, it is known that che-
mokines like CxCL12 play a critical role in the interaction 
between CLL cells and the microenvironment. However, 
effects of Par-4 expression on these critical chemokines 
required for CLL homing and survival in secondary lym-
phoid organs is at present unknown. Interestingly, Par-4 has 
been linked to the Wnt signaling pathway [148] in breast 
cancer cells and its overexpression led to downregulation of 
Frizzled, a Wnt ligand linked to cell proliferation. Expression 
of Wnt family members is elevated in CLL [149] and friz-
zled-6 has been shown to be required for CLL growth [150]. 

Future studies regarding Par-4-mediated gene expression in 
the CLL microenvironment may enable better Par-4-based 
treatment strategies for CLL.
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