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ABSTRACT The Pim family of serine/threonine kinases promote tumorigenesis by
enhancing cell survival and inhibiting apoptosis. Three isoforms exist, Pim-1, -2, and
-3, that are highly expressed in hematological cancers, including Pim-1 in adult T-cell
leukemia (ATL). Human T-cell leukemia virus type-1 (HTLV-1) is the etiological agent
of ATL, a dismal lymphoproliferative disease known as adult T-cell leukemia. The
HTLV-1 virally encoded oncogene Tax promotes CD41 T-cell transformation through
disruption of DNA repair pathways and activation of survival and cellular prolifera-
tion pathways. In this study, we found Tax increases the expression of Pim-1 and
Pim-3, while decreasing Pim-2 expression. Furthermore, we discovered that Pim-1, -2,
and -3 bind Tax protein to reduce its expression thereby creating a feedback regula-
tory loop between these two oncogenes. The loss of Tax expression triggered by
Pim kinases led to loss in Tax-mediated transactivation of the HTLV-1 long terminal
repeat (LTR) and reductions in HTLV-1 virus replication. Because Tax is also the im-
munodominant cytotoxic T cell lymphocytes (CTL) target, our data suggest that Pim
kinases may play an important role in immune escape of HTLV-1-infected cells.

IMPORTANCE The Pim family of protein kinases have established pro-oncogenic func-
tions. They are often upregulated in cancer; especially leukemias and lymphomas. In
addition, a role for Pim kinases in control of virus expression and viral latency is im-
portant for Kaposi sarcoma-associated herpesvirus (KSHV) and human immunodefi-
ciency virus type 1 (HIV-1). Our data demonstrate that HTLV-1 encodes viral genes
that promote and maintain Pim kinase activation, which in turn may stimulate T-cell
transformation and maintain ATL leukemic cell growth. HTLV-1 Tax increases expres-
sion of Pim-1 and Pim-3, while decreasing expression of Pim-2. In ATL cells, Pim
expression is maintained through extended protein half-life and heat shock protec-
tion. In addition, we found that Pim kinases have a new role during HTLV-1 infection.
Pim-1, -2, and -3 can subvert Tax expression and HTLV-1 virus production. This may
lead to partial suppression of the host immunogenic responses to Tax and favor
immune escape of HTLV-1-infected cells. Therefore, Pim kinases have not only pro-
oncogenic roles but also favor persistence of the virus-infected cell.

KEYWORDS ATL, HBZ, Pim kinase, STAT signaling, Tax, human T-cell leukemia virus,
leukemia, replication, transformation, virus

Human T-cell leukemia virus type-1 (HTLV-1) is the only known human retrovirus
associated with cancer in humans, adult T-cell leukemia (ATL) (1). The most recent

epidemiological surveys for HTLV-1 infections, suggests that 5 to 10 million people
worldwide are carriers of HTLV-1. However, the HTLV-1 infections are likely higher,
because this estimate is nearly a decade old and based upon a smaller worldwide pop-
ulation, and does not consider newly endemic areas (2). Therefore, the true amount of
global HTLV-1 carriers is likely much higher. It is projected that 5% of HTLV-1 infected
individuals, and 25% of perinatal HTLV-1 carriers, have a lifetime risk of developing ATL
(3). HTLV-1 encodes regulatory and accessory proteins from the pX region of the viral
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genome. These include Tax, the main viral transactivating protein, and Rex, involved
with viral mRNA export, and the accessory proteins p30, p12, p13, and p8. In addition,
HTLV-1 encodes the hemoglobin subunit zeta (HBZ) gene, which can suppress Tax
expression and is important for the immunophenotype of infected cells (4). Despite
the central role of Tax as an transducer of HTLV-1 transcription, and as an oncogene
and co-activator of cellular pathways, Tax is often downregulated in ATL patient’s cells
due to the high Tax-specific cytotoxic T-cell response (CTL) response (5). Consequently,
Tax expression is low in vivo in most ATL patient’s cells and is sporadically expressed
during the cell cycle (6, 7). In contrast, HBZ is expressed in ATL patient’s cells and some
HTLV-1 carriers’ cells; and may have a role in leukemic cell persistence and viral latency
(8, 9). This interplay between Tax and HBZ likely accounts for the transformation and
persistence of ATL cells.

Numerous cellular pathways are de-regulated in ATL patients infected cells includ-
ing the JAK/STAT, PI3K/AKT, NF-kB, AP-1, NF-AT, Rho-GTPases pathways, Notch/
FBXW7, telomerase, and p53 (10–17). Pim-1 is also altered in ATL cells. The Pim-1 ki-
nase is a serine/threonine kinase that is pro-oncogenic. Pim-1 functions in proliferation
and pro-survival activities by phosphorylating targets such as c-Myc, BAD, Bcl-2, p21,
p27, p70SK6, and EIF4B (18). Pim-1 is often upregulated in cancer, and has been linked
to drug resistance (19). We have previously shown that ATL patient samples express
high levels of Pim-1 kinase (20). We found that Pim-1 expression strongly correlates
with the activation of the JAK/STAT pathway, especially expression of the transcription
factor, STAT3, in ATL patients. We have also found that treatment with pan-Pim kinase
inhibitors leads to decreased ATL cell proliferation and ATL tumor burden in vivo;
clearly demonstrating the importance of Pim kinases in ATL tumor growth (20). Further
studies have found pan Pim kinase inhibitors could also decrease TSP cell growth (21).
In addition to Pim-1, the Pim kinase family consists of two other proto-oncogenes,
Pim-2, and Pim-3. These isoforms have similar, yet distinct roles in promoting cellular
proliferation, viability, translation, and migration (22). Pim-3 has been shown to be
expressed in HTLV-1 infected cells (23). In addition to their proto-oncogenic role, the
Pim kinases have garnered attention for their roles in viral latency. Pim-1 has been
shown to be a key regulator in human immunodeficiency virus type 1 (HIV-1) latency
control; able to re-activate HIV-1 in T-cell lines and primary CD41 T-cells through altera-
tion in transcription factor(s) binding to the HIV-1 LTR (24). Pim-1 is upregulated in
Kaposi sarcoma-associated herpesvirus (KSHV) expressing cells, partially through la-
tency-associated nuclear antigen (LANA) induced transcriptional activation (25). It was
found that Pim-1 and Pim-3 were bound to LANA only in activated, non-latent, cells;
and that Pim-1 and Pim-3, in turn, could phosphorylate LANA, leading to KSHV re-acti-
vation (26). In addition, infection of primary bone marrow CD341 cells with KSHV, leads
to significant upregulation of Pim-2 as part of the cellular signature of virally infected
cells (27). Epstein-Barr virus (EBV) infected cells can upregulate Pim-1 and Pim-2 expres-
sion and were able to increase EBV nuclear antigen (EBNA) transcriptional activity (28).
It was also recently shown that Pim-1 and Pim-3 can phosphorylate viral protein X
(Vpx) of the lentiviruses, HIV-2, and Simian immunodeficiency virus (SIV) (29). This
phosphorylation leads to enhanced binding and degradation of the lentiviral restric-
tion factor, sterile alpha motif, and histidine-aspartate domain-containing protein 1
(SAMHD1); and in turn Pim kinase inhibitors could block lentiviral replication.

Given the dynamic interplay between Pim kinases and oncogenic viruses, and the
fact that Pim-1 kinase is expressed in ATL patient samples, we sought to determine
whether HTLV-1 viral genes play a role in Pim kinase regulation. Alternatively, we also
examined whether Pim kinases may interact with the HTLV-1 virus or viral genes,
thereby altering HTLV-1 gene expression, activation, or infectivity. Our results demon-
strated that ATL cells and HTLV-1 derived cells expressed Pim-1, -2, and -3. We found
Tax increases the expression of Pim-1 and Pim-3, while decreasing Pim-2 expression.
However, we also found that Pim-1, -2, and -3 could bind Tax, and decrease Tax expres-
sion, thereby dampening its transactivation activities. We further demonstrate that Pim
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kinases decrease HTLV-1 replication and infectivity, suggesting that Pim kinases are im-
portant in maintaining HTLV-1 viral latency in ATL patients that over-express Pim ki-
nases. In ATL cells that do not express high levels of Tax, we found Pim kinase expres-
sion to be stabilized, and regulated by heat shock proteins. These data suggest that
targeting Pim kinases, in combination with anti-retroviral therapy, may be a viable
strategy aimed to reactivate viral expression and unmask virally infected cells to the
host immune response.

RESULTS
A feedback loop between Pim kinases and the HTLV-1 Tax protein.We have pre-

viously shown that in uncultured ATL patient samples and ATL cell lines, Pim-1 is highly
expressed (20). Importantly, use of several pan-Pim kinases inhibitors leads to decreased
proliferation in ATL-derived cells and HTLV-1 transformed cells and a loss in ATL tumor
growth (20, 23). pan-Pim kinase inhibitors can inhibit not only Pim-1, but also Pim-1 iso-
forms, Pim-2, and Pim-3. Few studies have examined the expression of all three isoforms
in HTLV-1 cells. To expand upon this data, we looked at the protein and RNA expression
levels of Pim-1, -2, and -3 in ATL-derived cells and HTLV-1 cell lines. We found all three
Pim kinases were expressed in cell lines; however, ATL, patient derived cell lines in gen-
eral displayed higher RNA levels compared with HTLV-1 cell lines (Fig. 1A). Several ATL-
derived lines expressed very high amounts of Pim-1 and Pim-2 and are cultured in media
supplemented with IL-2 (ATL43T, ATL55T, KK1, LM-Y1, and KOB). IL-2 has been shown to
increase Pim-1 and Pim-2 expression (30). However, IL-2 is unlikely to be the sole cause
for high Pim expression in these cell lines, as several HTLV-1 cell lines (1185, LAF, MUO4,
and SP) are also cultured in IL-2 containing media. Unlike ATL lines, these cell lines are
immortalized by HTLV-1 and are dependent upon exogenous IL-2; however, they express
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FIG 1 ATL-derived cell lines express high levels of Pim kinases. (A) Real-time PCR expression of Pim-1, Pim-2, and Pim-3 from whole cell extracts of ATL-
derived (Gray graphs: Tl-Om1, ED-40515(-), MT1, ATLT, ATL25, ATL43T, ATL55T, KK1, LM-Y1, and KOB) and HTLV-1 (Black graphs: MT2, MT4, C91PL, 1186.94,
C8166, 1185, LAF, MUO4, and SP) cell lines. Resting PBMCs (RPBMC) and HL-60 were used as controls. Gene expression was normalized to GAPDH expression
and performed at least twice. (B) Protein expression data for Pim kinases in ATL-derived and HTLV-1-derived cell lines. Actin served as a loading control. A
nonspecific band was detected for Pim-1. Fisher EZRun protein ladder is marked, when needed. (C) Tax expression in ATL-derived (left blot) and HTLV-1 (right
blot) cell lines. Actin served as loading control. (D) Correlation between Tax/Rex gene expression and Pim kinases in ATL-derived and HTLV-1 cell lines. Gene
expression was normalized to GAPDH expression; and correlations between genes were determined using Pearson’s correlation coefficient (r).
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Pim-1 and Pim-2 at levels comparable with transformed HTLV-1 lines. ATL-derived cell
lines displayed higher expression of Pim kinases compared with normal peripheral blood
mononuclear cells (PBMCs), and HL60 and Jurkat (data not shown) cell lines. To compare
Pim kinases expression with other cancers, we took advantage of cell line expression
data for Pim-1, -2, and -3 from lymphoid and myeloid cells lines deposited in the human
protein atlas (31–33). Pim-1 is generally expressed higher in lymphoid cell lines, while
Pim-2 is expressed higher in lymphoid and myeloid cell lines compared with other cell/
tissue origins. Using Jurkat and HL-60 as a common reference, ATL-derived cell lines
were enriched in expression for all three Pim kinases (Fig. 1A and data not shown). Pim-3
generally has less tissue specificity and was expressed at a higher level in all ATL, and
HTLV-1 infected cell lines and lymphoid/myeloid cell lines. Examination of Pim kinase
protein levels displayed similar findings to the RNA expression data (Fig. 1B). The higher
expression of Pim kinases in ATL lines suggests higher Pim kinase activity because Pim
kinases lack a regulatory domain and are constitutively active once transcribed (34).
K562 was used a reference because Pim-1 is highly enriched in this cell line.

Unlike most ATL-derived cell lines, HTLV-1 cell lines often express higher levels of
the viral protein, Tax (Fig. 1C). Therefore, we hypothesized that HTLV-1 Tax may be re-
sponsible for the lower levels of Pim kinases expressed in these cell lines. First, we com-
pared RNA expression data of Pim kinases compared with Tax/Rex mRNA expression.
We found a weak, positive correlation between Pim-1/Pim-3 and Tax/Rex, and a similar
negative correlation between Pim-2 and Tax/Rex (Fig. 1D). This was unsurprising given
that cell lines, in addition to Tax, have de-regulated expression of strong Pim kinase
regulators, such as IL-2, IL-6, and the JAK/STAT pathway that may also lead to expres-
sion differences in Pim kinases. Therefore, to determine if an association exists
between HTLV viral regulators and Pim kinases, we transfected 293T cells with two
HTLV-1 viral proteins involved in leukemogenesis, Tax and HBZ. We found that Tax
expression substantially increased Pim-1 and Pim-3 protein expression; however, Tax
decreased Pim-2 protein expression (Fig. 2A). We did not find any differences in Pim ki-
nase expression following HBZ transfection in our experimental conditions. Because
Tax was over-expressed in a non-T-cell line (293T), we compared the level of trans-
fected Tax with the level of endogenous Tax in HTLV-1 cell lines, MT4 and C91PL (Fig.
2B). The level of Tax was higher in Tax-expressing 293T cells; therefore, we decided to
use Jurkat TET-Tax cells that express the Tax gene under a doxycycline inducible pro-
moter. We first examined the level of Pim kinases in Jurkat cells and found they
expressed low to undetectable amounts of Pim-1 and Pim-2 protein expression, com-
pared to cell lines, such as K562 (Fig. 2C). However, doxycycline-induced Tax expres-
sion led to an increase in endogenous Pim-1 and Pim-3 gene levels, while decreasing
Pim-2 expression (Fig. 2D). We also found strong increases in Pim-1 and Pim-3 protein
expression (Fig. 2E). These results demonstrate that Tax can increase Pim kinases at the
RNA level. Similar results between Tax and Pim-3 have been previously found; how-
ever, Tax was shown not to appreciably alter Pim-1 or Pim-2 (23). However, further ex-
amination did show that Pim-1 gene expression increased slightly, and Pim-2
decreased slightly after short-term and long-term Tax induction, respectively. The dis-
crepancy could be due to Tax specifically altering RNA/protein levels, the experimental
conditions (including length and concentration of induction), or the use of a different
Tax expressing Jurkat, T-cell lines (in our manuscript we used Jurkat TET-Tax cells,
where the other study used Jurkat, JPX9). To further validate our results, we knocked-
down Tax expression with Tax shRNA in ATLT cells (Fig. 2F). Tax expression was
decreased at the RNA and protein level and led to decreased expression of both Pim-1
and Pim-3, while Pim-2 expression remained unchanged. Further knock-down of Tax
may be required to increase Pim-2 in ATLT. Our results demonstrate that Tax can alter
the transcriptional level and protein level of Pim kinases; and Tax can regulate the
expression of Pim kinases by increasing Pim-1 and Pim-3 levels and decreasing Pim-2
levels. This was found in several different cell lines and under different conditions of
Tax expression.
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ATL develops over a long latency period of 20 years. Tax is believed to be the main
driver of ATL progression; however, due to its high immunogenicity, Tax expression is
appreciably altered in late ATL. To examine if Tax could alter Pim kinase expression in
newly immortalized T-cells, we transduced normal, healthy PBMCs with a Tax expressing
lentivirus. These cells continued to grow for over 4 weeks in IL-2 supplemented media;
unlike non-Tax expressing cells which stopped proliferating (35). Analysis of several Tax
transduced cells demonstrated that Tax induced the expression of Pim-1 and Pim-3 (Fig.
3A). This was despite the low level of Tax expressed (Fig. 3B). Corresponding to previous
data, Pim-2, did not consistently increase in all the Tax-transduced cells. We then exam-
ined a mixed population of PBMCs transduced with Tax at even earlier time points of 4
and 7 weeks. Pim kinase expression increased in Tax-transduced PBMCs, even as early as
4-weeks post-transduction (Fig. 3C). The level of Pim kinase induction was comparable
with the level of Tax expression, as cells expressing more Tax, expressed more Pim ki-
nases (Fig. 3D). However, even at 7-weeks post-transduction, Pim kinase expression was
elevated in most cells expressing Tax. This suggests that Tax induction of Pim kinase
expression occurs in newly infected cells and is an early event in HTLV-1 carcinogenesis.
This also correlates with Pim kinases as drivers of tumorigenesis.

To determine if Pim kinases have a role in regulating HTLV-1 viral genes, we exam-
ined the effect of Pim kinases and Tax when both proteins were co-expressed. We
transfected 293T cells with expression vectors for Tax and HBZ, along with expression
vectors for Pim-1, -2, and -3. In agreement with of our previous results, Tax increased
the expression of Pim-1 and Pim-3 expression vectors, while decreasing Pim-2 (Fig. 4A).
Despite the positive relationship between Tax and Pim-1 and -3, all three Pim kinases
led to strong decreases in Tax expression. This was especially true of Pim-1 and Pim-3
over-expression, which led to a dramatic loss of Tax protein. Examination of HBZ and
Pim kinase co-expression showed no change in Pim kinases or HBZ expression (Fig. 4B)
suggesting these effects are specific to Tax. To further substantiate these results, we
used three shRNA directed toward the Pim-1 gene. All three Pim-1 shRNA led to
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decreases in Pim-1 expression, albeit it at varying levels (Fig. 4C and D). Importantly,
shRNA targeting Pim-1 specifically knocked-down Pim-1 expression and did not affect
Pim-2 and Pim-3 expression. 293T cells express very low levels of Pim-1 protein; how-
ever, a decrease in Pim-1 could still be seen (Fig. 4D). Because Pim-1 shRNA’s (A) and
(B) knocked-down Pim-1 expression the most, we co-transfected these shRNA along
with Tax. In cells transfected with Pim-1 shRNA, Tax expression was no longer inhibited
at the RNA or protein level (Fig. 4E and F). Knock-down of Pim-1 expression led to
increases in Tax expression, suggesting that loss of endogenous Pim-1 is enough to
de-repress Tax expression. These results also uncover a novel feedback loop between
Tax and Pim kinase, whereby Tax increases Pim-1 and Pim-3, which leads to overall
Pim kinase-initiated loss of Tax expression.

Pim kinases bind Tax and delocalize Tax to the insoluble nuclear fraction.
Because a feedback loop exists between Tax and Pim isoforms, we examined whether
Tax and Pim kinases interacted in vivo. We cloned all three Pim kinases with an HA tag
into the PMH vector and performed co-immunoprecipitation experiments in the pres-
ence of Tax. We found that immunoprecipitated HA-Pim-1 could pulldown bound Tax
protein (Fig. 5A). This was true for all three Pim kinase isoforms. Western blots of
lysates confirmed 1- Pim kinases and Tax were expressed, 2- Tax could still increase
Pim-1 and Pim-3 expression, and 3- HA-tagged-Pims could still inhibit Tax expression.
Attempts at demonstrating endogenous Pim kinase interaction with Tax in established
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HTLV-1 cell lines were unsuccessful. This was likely due to the feedback loop between
Tax and Pim kinases, which made it difficult to find a cell line that expressed high levels
of both Tax and Pim. Because Pim kinases decrease Tax protein expression, it suggests
Pim kinases may directly or indirectly mediate proteasomal or lysosomal degradation
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of Tax. Transfection of cells with Tax, in the presence of Pim-1 led to decreased Tax
expression (Fig. 5B). However, addition of the proteasomal inhibitor MG132 did not res-
cue Tax induced degradation by Pim-1. To verify that this was not due to MG132, we
also treated cells with lactacystin. Tax expression was not rescued by either proteaso-
mal inhibitor (Fig. 5C). To examine if Tax was targeted for lysosomal degradation, we
also treated Tax and Pim-1 co-expressing cells with lysosomal inhibitors, chloroquine
and leupeptin but these did not rescue Tax expression from Pim-1 (Fig. 5D). In addi-
tion, neither of these inhibitors was able to rescue Tax expression following co-trans-
fection of cells with Tax and/or Pim-2 or -3 (Fig. 5E and F).

Pim kinases could be (i) re-localizing Tax protein, (ii) inhibiting Tax translation, and/or
(iii) degrading Tax in a proteosome/lysosome independent manner. Tax contains an N-
terminal nuclear localization domain that allows Tax to reside predominantly in the nu-
cleus, in nuclear speckles (36–38). We co-expressed HA-Pims and Tax in 293T cells and
fractionated lysates into nuclear and cytoplasmic extracts. Tax localization was not
impaired, because Tax expression decreased, yet remained mostly nuclear in the pres-
ence of Pim kinases (Fig. 6A). Previous reports suggest that Tax can be regulated by
ubiquitination and subsequently localized to the nuclear matrix where it is degraded (39,
40). Furthermore, proteasomal inhibitors could rescue Tax expression in these insoluble
fractions. To examine the level of Tax in the insoluble fraction, we co-transfected Tax and
Pim kinases and lysed the cells in concentrated urea. We found Tax was no longer
decreased in the presence of Pim-1 and Pim-2 in the insoluble fraction (Fig. 6B).
However, co-expression of Pim-3 still led to a significant loss of Tax expression, suggest-
ing Pim-3 degrades Tax. We co-expressed Tax and Pim isoforms and fractionated lysates
into cytoplasmic and soluble or insoluble nuclear fractions. All three Pim kinases
decreased Tax expression in the soluble nuclear fraction (Fig. 6C). However, upon Pim-1
and Pim-2 co-expression, Tax accumulated in the insoluble fraction. This data is consist-
ent with observations made using the lysis in urea buffer, whereby Tax expression was
no longer decreased in the insoluble portion of the nucleus upon Pim-1 and Pim-2
expression. Furthermore, when cells were treated with MG132 or leupeptin, Tax levels
did not appreciably change in the insoluble nuclear fraction with MG132 treatment (Fig.
6D). This suggests that Pim kinases re-route Tax to the insoluble nuclear fraction; how-
ever, Tax is not degraded. In contrast, Tax was strongly decreased in all fractions when
co-expressed with the Pim-3 (Fig. 6C). This suggests that Tax is degraded by Pim-3.

We then examined if Tax is ubiquitinated in the presence of Pim kinases. K48 ubiq-
uitination is often viewed as proteasome-dependent degradation mark, whereas K63 is
proteosome-independent, such as with signal transduction and endocytosis pathways.
However, K63 has also been tied to some proteosome-dependent processes, by seed-
ing the assembly of K63/K48 ubiquitin chains (41). Therefore, we co-expressed lysine-
K48 or K63 and treated cells with MG132. Because Pim kinases strongly reduce Tax
expression, we increased the amount of lysate in Western blots expressing Pim kinases.
Using these Tax-normalized lysates, we immunoprecipitated Tax and performed
Western blots for HA-tagged K48 and K63 (Fig. 6E and F). In the presence of all three
Pim kinases, there was an increase in K48 ubiquitination of Tax (for Pim-1 lysates, less
Tax was pulled down and expressed) (Fig. 6E and G). We found Tax to be conjugated
to K63 only in the presence of Pim-2 (Fig. 6F and G). Quantification of the pulldowns to
normalize for protein lysates confirmed these results (Fig. 6G). These results demon-
strate that Pim-1 and Pim-2 localize Tax to the insoluble nuclear matrix where it ubiqui-
tinated, but not degraded. This occurs through K48-mediated and, in the case of Pim-
2, K63-mediated ubiquitination. Tax is known to be ubiquitinated and interact with the
proteosome, but does not undergo massive degradation (42). In fact, Tax ubiquitina-
tion is known to affect subcellular localization and activities and has a role in activation
of NF-kB activity (43, 44). In contrast to Pim-1 and -2, Pim-3 binds to Tax, causing Tax
ubiquitination and subsequent degradation.

Pim kinases alter Tax transactivation activity of the HTLV-1 LTR. HTLV-1 Tax pro-
tein is the main viral transcriptional activator. Tax indirectly binds to the HTLV-1 LTR

Bellon and Nicot Journal of Virology

February 2022 Volume 96 Issue 3 e01960-21 jvi.asm.org 8

https://jvi.asm.org


and stimulates viral transcription. Because Pim kinases can substantially decrease Tax
expression, it stands to reason that Tax transactivation activity would also likely be
reduced. We transfected 293T cells with an HTLV-1-LTR luciferase reporter construct
along with Tax and increasing amounts of Pim kinase (Fig. 7A). As expected, the addi-
tion of Tax significantly elevated HTLV-1-LTR luciferase activity. Co-transfection of Pim
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kinases led to a dose-dependent loss in Tax mediated HTLV-1-LTR luciferase activity.
The effect was strongest for Pim-1 and Pim-3; however, Pim-2 was also capable of
decreasing Tax-induced HTLV-1 LTR luciferase. Western blot on non-normalized lysates
confirmed the expression of Pim kinases in 293T cells (Fig. 7B). To determine if the
effect of Pim kinases on Tax transactivation was due to Pim kinases directly affecting
Tax transcription or affecting solely Tax protein level, we examined the Tax gene
expression following transfection of Pim kinases. Unlike Tax protein, Tax gene levels
were not decreased in the presence of Pim kinases (Fig. 7C). This demonstrates that
Pim kinases affect Tax protein levels, and therefore affect Tax transcriptional targets
downstream. To determine the effect of endogenous Pim kinases on Tax transcrip-
tional activity, we transfected 293T cells with Tax and Pim-1 shRNA. Knock-down of en-
dogenous Pim-1 led to rescue of Tax activity (Fig. 7D). Furthermore, loss of endoge-
nous Pim-1 seemed to increase Tax activity and protein (Fig. 7D). These results were
also seen when cells were treated with AZD1208, a pan-Pim kinase inhibitor (Fig. 7E).
These results demonstrate that Pim kinases decrease HTLV-1 transactivation mediated
by Tax.

Because AZD1208 led to an increase in Tax transfected 293T cells, we tested
whether AZD1208 could also affect Tax expression in established HTLV-1 cell lines. This
is important because, unlike 293T and Jurkat cells, most HTLV-1 cells express higher
levels of all three Pim kinases and express the entire HTLV-1 provirus, in addition to
Tax. We treated four ATL cell lines with increasing doses of AZD1208 and examined
the level of expression of Tax (Fig. 8A and B). While Tax expression did increase slightly
upon AZD1208 treatment, it was not statistically significant. To verify these results, we
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used two additional Pim inhibitors. Pim IV is a Pim-1 kinase inhibitor and M-100 is a
pan-Pim kinase inhibitor. M-100 behaved like AZD1208 in ATLT cells, producing a small
increase in Tax gene expression (Fig. 8C), while inhibition of only one Pim kinase (with
Pim IV inhibitor) did not lead to an increase in Tax expression at all. Treatment of
Jurkat TET-Tax cells with AZD1208 showed similar results, whereby there was a small
increase in Tax RNA expression (Fig. 8D). However, treatment of Jurkat TET-Tax cells
with AZD1208 led to a large increase in Tax expression at the protein level (Fig. 8E). We
then treated HTLV-1 cells with AZD1208 and examined Tax protein expression.
Treatment with AZD1208 could only increase Tax protein levels in MT4 cells, which
was further increased in the presence of MG132. However, in ATLT, an ATL-like cell line
that expresses lower levels of Tax, Tax was not rescued in whole cell lysates (Fig. 8F).
Because Pim kinases re-distribute Tax in the nucleus, we decided to fractionate ATLT
into cytoplasmic, nuclear, and insoluble cell fractions. Upon fractionation, we found
AZD1208 led to profound increases in Tax expression in the soluble and insoluble nu-
clear fractions of ATLT (Fig. 8G). We performed the same experiments in MT4 cells and
found increased Tax expression in the presence of AZD1208 in all three fractions.
These results confirm that blocking Pim kinase activity leads to increases in Tax expres-
sion in HTLV-1 cell lines. Furthermore, when HTLV-1 cells were treated with shRNA to
Pim-1, no differences in Tax expression were seen at the RNA or protein level (data not
shown). This suggests that all three Pim kinases must be subject to knock-down to
increase Tax expression in HTLV-1 cells.

Pim kinases inhibit HTLV-1 transactivation and viral replication. Because inhibi-
tion of Pim kinase activity led to increased Tax expression in MT4 cells, which express
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low levels of HTLV-1 proteins, we next examined the effect of Pim kinases in the context
of the entire HTLV-1 virus. Cells were transfected with the HTLV-1 LTR luciferase con-
struct along with PBST, a full molecular clone of HTLV-1 (45). Pim kinases had little effect
on HTLV-1 luciferase activity in the absence of PBST (Fig. 9A). Transfection of PBST led to
a substantial increase in HTLV-1 activity. However, the addition of Pim-1, -2, or -3 com-
pletely ablated PBST activation (Fig. 9A). This decrease in PBST transactivation of the viral
LTR was comparable with Pim kinase inhibition of Tax transactivation, as Pim-1 and Pim-
3 had stronger inhibition than Pim-2. The PBST molecular clone is derived from a TSP
patient infected with HTLV-1B. To verify the results, and to see if Pim kinases could inter-
fere with other strains of HTLV-1, we repeated the experiments using two additional
HTLV-1 molecular clones, ACH and X1MT (46, 47). The ACH molecular clone is derived
from a Japanese patient infected with HTLV-1A, that presented with ATL. X1MT is a
modified HTLV-1 molecular clone derived from an American ATL patient in which open
reading frames (ORFs) X-I and X-II were replaced with the corresponding ORFs from the
cell line, MT2. Like PBST, Pim kinases were able to inhibit ACH and X1MT transactivation
of the HTLV-1 LTR luciferase in a dose-dependent manner (Fig. 9B and data not shown).
This suggests that Pim inhibition of HTLV is universal to various HTLV subtypes.

The expression of HTLV-1 viral genes from the PBST molecular clone were then
examined. PCR analysis validated Pim kinases were expressed (Fig. 9C and D). Pim-1
and Pim-3 were able to inhibit Tax and GAG expression from the PBST clone, in con-
trast to Pim-2 (Fig. 9D). Intracellular p24 Gag expression also decreased in the presence
of Pim-1, -2, and -3 (Fig. 9E). p24 declined even in the presence of Pim-2 kinase,
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FIG 9 Pim kinases inhibit HTLV-1 replication and virus production. (A–B) 293T cells were transfected with the HTLV-1 LTR luciferase construct along with
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suggesting that GAG expression is affected in the presence of all three Pim kinases.
The reason Pim-2 is unable to fully inhibit Tax expression, Tax transactivation, and
gene induction from the HTLV-1 molecular clones could be due to differing functions
of Pim-2 and/or because Tax inhibits expression of Pim-2. Tax increases Pim-1 and Pim-
3 expression, which could lead to further reductions in Tax expression and activity,
whereas Tax decreases Pim-2 expression leading to less repression of Tax transactiva-
tion activities. In fact, expression analysis confirmed less Pim-2 was being expressed
than Pim-1 and Pim3 (Fig. 9D). HTLV-1 virus production significantly declined in the
presence of Pim kinases, as there was a substantial loss of extracellular p19 expression
from PBST as detected by ELISA (Fig. 9F). Finally, inhibition of endogenous Pim-1, led
to increased HTLV-1 luciferase activity from the PBST molecular clone (Fig. 9G). This
was confirmed by increased expression of GAG p24 and precursor, p55 (Fig. 9H).

In ATL-derived cells Hsp90 protects Pim kinases from proteasomal degradation.
Finally, we examined the correlation between viral genes and Pim kinases in ATL-
derived cell lines that in general express little to no Tax. Despite little Tax expression,
ATL-derived cell lines have higher levels of Pim kinases (Fig. 1A and B). We first exam-
ined the localization of Pim kinases in ATL-derived cells. Pim protein isoforms have
been known to reside in different subcellular locations. We found this to be true of
Pim-1, in which isoforms were expressed in the cytoplasm and nucleus (Fig. 10A).
Nuclear Pim-1 has been found to be essential for Pim-1 activity in Burkitt’s lymphoma
cells and suggests that nuclear Pim-1 in ATL cells is also important (48). We also found
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with heat shock protein, Hsp90, which protects Pim kinases from degradation.
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strong Pim-2 and Pim-3 nuclear expression in all tested ATL cells. Treatment of two Tax,
protein negative cell lines, ED-40515(-) and MT1 cells, with cycloheximide demonstrated
that Pim kinases have long half-lives in ATL-derived cell lines (Fig. 10B). This was analogous
to the long protein half-life seen in K562 cells (49). We then treated ATL-derived cells with
two proteosome inhibitors, MG132 and lactacystin. We found that proteasomal inhibition
could increase the amount of Pim-1 and Pim-3 in ATL-derived cell lines (Fig. 10C). Further
testing on a panel of ATL and HTLV-1 cell lines confirmed these results (Fig. 10D). In fact,
Pim-1 expression was significantly increased in HTLV-1 cell lines (C91PL and C8166) that
expressed little Pim-1 kinase. These results are also in agreement with studies demonstrat-
ing that heat shock protein, Hsp70, can target Pim-1 for ubiquitin-mediated proteasomal
degradation (50). In nearly all cell lines tested, Pim-2 was not significantly altered by inhibi-
tion of the proteosome. Pim-1 has been shown to be protected from Hsp70 ubiquitin-
mediated proteasomal degradation by binding to the molecular chaperone, Hsp90 (51).
Therefore, we tested whether Hsp90 could protect Pim kinases from degradation in ATL-
derived cells. ATL-derived cells were treated with geldanamycin, a specific inhibitor of
Hsp90. Expression of Pim-1 and Pim-3 (and to a much lesser extent Pim-2) were signifi-
cantly decreased when Hsp90 was inhibited (Fig. 10E). These results indicate the Pim ki-
nase proteins are protected from proteasomal degradation by binding to Hsp90 in ATL-
derived cells. Treatment of ATL and HTLV-1 cell lines with geldanamycin significantly inhib-
ited cell growth (Fig. 10F). Loss of proliferation was like that seen in K562 cells, a cell line
with some of the highest reported Pim-1 kinase levels and with that seen when HTLV-1
lines were treated with Hsp90 inhibitors (39, 50, 52). In support of our observations, use of
AUY922, an Hsp90 inhibitor, led to inhibition of the PI3K/AKT, NF-kB, and Pim kinases in
ATL and HTLV-1 cells (53). Our results suggest that Pim kinases are tightly regulated in ATL
and HTLV-1 cell lines (Fig. 10G). Our current understanding is that Tax can increase the
expression of Pim-1 and Pim-3, while decreasing Pim-2. Tax alters Pim kinases at the gene
level. All three Pim kinases can then engage in a negative feedback loop, whereby they
bind Tax and inhibit Tax activities. In cells with low Tax expression, Pim kinases are stabi-
lized through Hsp90 and possibly HBZ induction of Pim-1 kinase expression.

DISCUSSION

Tax and HBZ are critical for controlling leukemic cell transformation, proliferation, via-
bility, and latency. Tax is only expressed in a fraction of the infected cells which is induci-
ble and critical for the survival of the entire population of leukemic cells (54). In contrast,
HBZ is expressed in all ATL patient’s cells and plays a role in viral latency. Therefore, their
contribution to ATL development and persistence is critical. We have previously shown
that ATL patient samples express Pim-1 kinase and, moreover, require Pim kinase for tu-
mor growth in vivo (20). Given the fact that Pim kinases and Tax/HBZ are critical for the
development of ATL leukemia, we sought to examine a link between these cellular and
viral genes. Our results demonstrate a unique feedback loop between Pim kinases and
Tax. All three Pim kinase family members can significantly inhibit Tax transactivation, vi-
rus replication, and particle(s) production. However, there are differences within the Pim
kinase family when it comes to Tax degradation and the level of repression. In addition,
Tax could only increase Pim-1 and Pim-3, and not Pim-2; and appeared to have the
greatest influence on Pim-3 levels. This demonstrates a lot of variety in the degree Pim
kinases can prevent Tax and HTLV-1 activity. Pim-1 and Pim-3 provide much stronger
Tax repression, than Pim-2, though this could be due to less Pim-2 being produced from
the plasmid. However, when larger amounts of Pim-2 were transfected, HTLV-1 transacti-
vation did not change appreciably, suggesting a real difference in Pim-2 effects on Tax.
Pim-2 is known to have distinct roles in suppressing T-cell responses. Some of this could
be due to structural differences within the Pim isoforms. While sharing about 60% struc-
tural similarities, there are disparities between the Pim kinases and their affinity for ATP
(55). Unlike Pim-1 and Pim-3, Pim-2 negatively regulates T cell responses in transplanta-
tion and tumor immunity (56). Pim-2 is also highly expressed in multiple myeloma (MM)
cells where it has a unique role in cell survival, activating the apoptotic pathway and
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repressing the DNA damage response (57). Of the three Pim kinases, Pim-2 also has the
most restricted tissue and disease expression pattern. While Pim-3 is expressed in nearly
all tissues, Pim-2 is largely confined to bone marrow and lymphoid tissues and the blood,
especially B-cells. The fact that Pim-2 expression is elevated in ATL-derived cell lines to
that seen in high Pim-2 expressing lymphoid cell lines, suggests that Pim-2 has an impor-
tant, and perhaps distinct, role in ATL disease. Further examination of Pim-2, through
knock-down and expression studies in ATL cells will be warranted.

While HBZ was not the focus of this study, we did find small increases in Pim-1
expression, following HBZ over-expression. We also found small gene correlations
between HBZ and Pim-1 and HBZ and Pim-3 in HTLV-1 and ATL cell line cDNA (data not
shown). This suggests HBZ may play a part in Pim regulation and requires further study;
and proposes a dynamic feedback loop between HBZ/Tax and Pim kinases. We have
recently shown that ATL patients carry methylation of the fragile histidine triad (FHIT)
gene, which, together with Tax, can promote an oncogenic environment by altering the
DNA damage response (58, 59). This produces a favorable environment for the develop-
ment of leukemia. Our data suggests that during early infection, Tax can also increase
the protein expression of Pim-1 and Pim-3, taking advantage of their proto-oncogenic
functions to increase T-cell proliferation, viability, and invasion. HBZ may partner with
Tax to sustain these increases. However, Pim kinases, along with HBZ, can negatively reg-
ulate Tax expression and transactivation. This would lead to a diminished Tax CTL
response and favor viral latency. Pim kinase expression may then be preserved in ATL
cells through Tax, HBZ, and constitutive activation of the STAT3 pathway that allows for
ATL cells to take advantage of the pro-oncogenic activities of Pim kinases. We have al-
ready demonstrated that Pim-1 expression can be maintained in ATL patients through
downregulation of the miR-124a/STAT3 pathway (20). However, a detailed analysis of
Pim kinase expression in primary, ATL patient samples is lacking. Given that Pim kinases
are regulated by the IL-2/IL-6 and JAK/STAT pathways, it is very likely that Pim kinases
are highly expressed in ATL patient samples (30, 60). ATL patients display high levels of
these pathways, which would likely maintain Pim expression even in the absence of Tax
(12, 61). Furthermore, an examination of the individual roles of Pim kinases in ATL per-
sistence could lead to novel functions of individual Pim kinases. Current Pim kinase
therapies in clinical trial are pan-Pim kinase inhibitors that target all three Pim kinases.
However, several studies have been shuttered due to observed toxicity. The use of indi-
vidual Pim kinases inhibitors may show more favorable results; and single kinases inhibi-
tors are currently being developed (62). This prompts the demand for a more thorough
examination of the expression and role of individual Pim kinases in ATL patient samples.

MATERIALS ANDMETHODS
Cell lines and culture conditions. The CML line, K562, and T-ALL line, Jurkat, the AML line, HL-60, and

ATL and HTLV-1 lines, Tl-Om1, ED-40515(-), MT1, ATLT, ATL25, MT2, MT4, C91PL, C8166, and 1186.94 were
grown in RPMI with 10% fetal bovine serum (FBS). Immortalized, IL-2 dependent lines, ATL43T, ATL55T, LM-
Y1, KK1, KOB, 1185, LAF, MUO4, and SP, were grown in RPM1, supplemented with 20% FBS and 50U/mL IL-2.
Jurkat TET-Tax cells were grown in RPMI with 10%, TET tested serum and induced with doxycycline. 293T cells
were grown in Dulbecco’s modified Eagle medium (DMEM) with 10% FBS. The creation of Tax transduced
PBMCs was previously described (35).

Transfections and plasmids. 293T cells were transfected with Polyfect (Qiagen). HTLV-1 DNA vec-
tors were pcTax and PMH-HBZ. HA-tagged K48 and K63 plasmids were cloned into the PMH vector. Pim
kinases were cloned into pCDNA or HA-tagged in the PMH vector. All cloned genes were verified by
sequencing. Three individual shRNA sequences to Pim-1 were obtained from Sigma-Aldrich. An siRNA
sequence targeting the Tax gene of HTLV-1 was cloned into the shRNA, lentiviral pSIH1-H1-GFP vector.
shPim-1 and shTax virus was obtained by co-expressing individual shRNA with VSV-G and pDLN plas-
mids in 293T cells. Viral containing supernatant was ultra-centrifuged to obtain high titer shRNA Pim-1
and Tax virus, which was subsequently used to infect cells. HTLV-1 molecular clones, PBST, ACH, and
X1MT, have been described (45–47).

Drug studies. For RNA and protein half-life studies, cells were treated with cycloheximide (100 mg/
mL) or actinomycin D (10 mg/mL). For protein stability and drug studies, 293T transfected cells were
treated with MG132 (10 mM), lactacystin (1 mM), leupeptin (100 mM), chloroquine (100 mM), AZD1208 (5-
20mM) (Selleckchem), PIM1 kinase inhibitor IV (10 mM) (Calbiochem), and Pim kinase inhibitor VII, M-100
(10 mM) (Calbiochem). Protein half-life was calculated by treating cell lines with 100 mg/mL cyclohexi-
mide, while Pim kinase protein stability and proliferation were measured by treating cells with
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geldanamycin (1, 2, 4, or 6 mg/mL), according to figure legends. Cell proliferation assays were carried
out in duplicate and measured with the XTT cell viability kit (Trevigen).

Luciferase assays and enzyme-linked immunosorbent assays. For luciferase assays, 293T were
transfected with the HTLV-1 LTR firefly luciferase construct and the RL-TK internal control plasmid. Cells
were lysed in passive lysis buffer and assayed using the Dual Luciferase-Reporter kit (Promega). Cells
were normalized to renilla expression (RL-TK) and fold change was compared with pCDNA control trans-
fected cells. Expression of p19 in the supernatant of transfected cells was carried out using the HTLV-1
p19 Antigen ELISA kit (ZeptoMetrix), according to the manufacturer’s instructions.

Western blots. Total protein was extracted from cell lines with RIPA lysis buffered and separated by
SDS-PAGE electrophoresis. The following antibodies were used: Santa-Cruz (Actin (sc-47778), Pim-1 (sc-
13513), Pim-2 (sc-13514), Cyclin B1 (sc-245), HTLV-1 Tax (sc-57872), and HTLV-1 p24 (sc-53891), Cell
Signaling, Pim-1 (D8D7Y), Pim-2 (D1D2), Pim-3 (D17C9), Abcam (a-Tubulin), and Roche (HA-High Infinity
3F10). Protein extracts were normalized to Actin expression. Soluble nuclear and cytoplasmic extracts
were obtained using hypertonic (5 mM HEPES, pH 7.9, 5 mM MgCl2, 0.1 mM EDTA, 0.4M NaCl, and 1 mM
DTT) and hypotonic lysis buffers (10 mM HEPES, pH 7.9, 1 mM MgCl2, 0.5 mM NaCl, and 0.5% NP-40),
respectively. Briefly, cell pellets were lysed in hypotonic buffer, spun down, and the supernatant was col-
lected (cytoplasmic fraction). The cell pellet was then washed and lysed in hypertonic buffer. A series of
freeze/thaw cycles were performed, and the lysates were spun down for 30 min at 4°C. The supernatant
was then collected containing the nuclear fraction. Insoluble nuclear fractions were obtained after nu-
clear/cytoplasmic fractionation and lysed in buffer (150 mM NaCl, 50 mM HEPES, pH 7.4, 0.5%
NaDeoxycholate, 1% SDS, and 100 mM DTT. For insoluble urea extracts, cells were lysed directly in 8M
Urea and diluted in 2x loading dye for gel electrophoresis. For ubiquitin immunoprecipitations and cy-
cloheximide treatment, blots were quantified using ImageJ software.

Protein immunoprecipitation. 293T cells were transfected with pcTax and HA-tagged Pim kinases.
Cell lysates were collected, washed, and lysed in NP-40 lysis buffer. Equal amounts of protein were immuno-
precipitated overnight at 4°C with HA antibody (Sigma: anti-HA [12CA5]). The next day, Protein A/G agarose
was added for 2 h at 4°C. Immunoprecipitates were then washed three times, spun down, and resuspended
in 2x loading dye. Protein lysates were then run on SDS-PAGE electrophoresis gels and probed with appro-
priate Pim kinase and Tax antibodies. Non-immunoprecipitated protein lysates were served as loading and
expression controls. For ubiquitin pulldowns, 293T cells were transfected with pcTax, pcDNA-Pim kinases,
and K48- or K63-UB-HA tagged plasmids for 48 h. Cells were treated with 10 mM MG132 for 6 h prior to col-
lection, lysed in NP-40 lysis buffer, and immunoprecipitated overnight with anti-Tax antibody.

RNA expression. RNA was extracted through TRIzol (Invitrogen) and equal amounts of RNA were
treated with DNase I (Thermofisher). cDNA was generated using the RNA-to-cDNA kit (Applied Biosystems).
RNA expression was analyzed using the StepOnePlus instrument (Thermofisher), using iTaq Universal SYBR
green or iTaq Universal Probes Supermix (Bio-Rad). Primers used in the study: GAPDH (GAAGGTGAAGGTC
GGAGTC/GAAGATGGTGATGGGATTTC), Pim-1 (GAGTCGCAGTACCAGGTG/GCTCACCTTCTTCAGCAGGAC), Pim-2
(GAAGGCCCAAGCCGCTGCTTC/GTAGGTCTATCAGGATGTTCTCATC), Pim-3 (CAGGACCTCTTCGACTTTATCAC/GTC
CTTAATGTCGCGGTGCACGAC), Tax/Rex (ATCCCGTGGAGACTCCTCAA/AACACGTAGACTGGGTATCC), and GAG
(CCTCTCAGGCCCCCTTTCAGGC/GCCTCAGTTGTGGTTGCCCC). GAPDH expression was used as an internal con-
trol and fold change was calculated as the ratio of normalized expression of the target gene divided by the nor-
malized expression of the control sample.
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