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Nuclear PFKP promotes CXCR4-dependent infiltration
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PFKP (phosphofructokinase, platelet), the major isoform of PFK1 expressed in T cell acute lymphoblastic leukemia

(T-ALL), is predominantly expressed in the cytoplasm to carry out its glycolytic function. Our study showed that PFKP is a
nucleocytoplasmic shuttling protein with functional nuclear export and nuclear localization sequences (NLSs). Cyclin D3/CDK6
facilitated PFKP nuclear translocation by dimerization and by exposing the NLS of PFKP to induce the interaction between
PFKP and importin 9. Nuclear PFKP stimulated the expression of C-X-C chemokine receptor type 4 (CXCR4), a chemokine
receptor regulating leukemia homing/infiltration, to promote T-ALL cell invasion, which depended on the activity of c-Myc. In
vivo experiments showed that nuclear PFKP promoted leukemia homing/infiltration into the bone marrow, spleen, and liver,
which could be blocked with CXCR4 antagonists. Immunohistochemical staining of tissues from a clinically well-annotated
cohort of T cell ymphoma/leukemia patients showed nuclear PFKP localization in invasive cancers, but not in nonmalignant T
lymph node or reactive hyperplasia. The presence of nuclear PFKP in these specimens correlated with poor survival in patients

Introduction

Phosphofructokinase 1 (PFK1) is one of the key regulatory and
rate-limiting enzymes in the glycolysis pathway, converting fruc-
tose 6-phosphate and ATP to generate fructose 1,6-biphosphate
and ADP (1, 2). PFKP (PFK, platelet), one of the 3 isoforms of
PFK1, is highly expressed in T cell and B cell leukemias, ascites
tumors, breast carcinoma, and glioblastoma. Upregulation of
PFKP is associated with progression and poor prognosis in vari-
ous solid tumors and in leukemia (3-7). Posttranscriptional mod-
ifications of PFKP, such as phosphorylation and acetylation, also
promote tumor progression (6, 8). Our previous study revealed
that PFKP is the major isoform of PFK1 expressed in T cell acute
lymphoblastic leukemia (T-ALL) (9). We found that cyclin-de-
pendent kinase 6 (CDK6) phosphorylates PFKP in cancer cells
at serine 679, resulting in the dimeric transition of PFKP from its
tetrameric form (9). PFKP was recently reported to reside in the
nucleus to regulate gene transcription (10), but how PFKP trans-
locates into the nucleus is not clear, and the function of nuclear
PFKP in T-ALL has not been defined.
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with T cell malignancy, suggesting the potential utility of nuclear PFKP as a diagnostic marker.

Cyclin and its associated kinases are the core cell proliferation
machinery of the cell cycle (11). CDK6 and CDK4 are cyclin D-
dependent kinases that function in the first transition from the gap
phase (G1) to the cellular DNA synthesis phase (S) to phosphory-
late pocket proteins, i.e., RB, RBL1 (p107), and RBL2 (p130), where
their functions are considered to be redundant (12-14). CDK4 and
CDKS6 also phosphorylate other protein substrates to regulate their
functions (15). Despite the functional homology between CDK4
and CDKS6, increasing evidence suggests that CDK6 has distinct
cellular functions from CDK4 in several important aspects (9,
16-18). Our previous studies found that CDK4 and CDK6 have
distinct functions in regulating cancer metabolism and immune
surveillance. We demonstrated that cyclin D3/CDK6 carry out
prosurvival functions in T-ALL via phosphorylating PFKP and
pyruvate kinase type M2 (PKM2) (9). We further found that CDK4
destabilizes PD-L1 via cullin 3-SPOP in multiple solid tumors to
regulate cancer immune surveillance (18). These studies began to
dissect important differences between these two CDK isoforms
that may expose distinct vulnerabilities in specific cancer types.

A major indicator of poor prognosis of leukemia is extramed-
ullary infiltration of cancer cells into other organs. It is important
to understand the infiltration mechanisms in the interest of devel-
oping efficacious therapeutic strategies to prevent or treat extra-
medullary infiltration in patients with newly diagnosed or relapsed
leukemia. CDKG6 is highly expressed in T cell malignancies includ-
ing extranodal NK/T cell lymphoma, nasal type (NK/T), T lym-
phoblastic lymphoma (T-LBL), and T-ALL (13, 19, 20). Cyclin D3/
CDKG6 is the major cyclin D/CDK in T-ALL, and the kinase activity
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Figure 1. PFKP is a nucleocytoplasmic shuttling protein. (A) GO enrichment analysis showing that PFKP interacts with multiple proteins functioning in regulation
of nuclear transcription (colored circles with highest protein counts). Source data from 123 literature-curated PFKP-interacting proteins were obtained from

the BioGRID database. “Protein Counts” indicates the number of proteins interacting with PFKP in each functional annotation cluster. (B and C) PFKP nuclear
localization relies on importins and exportins. (B) Immunoblotting (IB) shows decreased PFKP in nuclear extract (NE) of cells treated with the importin inhibitor,
importazole (Impor) (40 uM, 24 hours). (C) Increased PFKP in the nuclei of cells treated with the exportin inhibitor, leptomycin B (LMB) (5 ng/mL, 24 hours). CE,
cytoplasmic extract. (D and E) Nuclear-to-cytoplasmic ratios of GFP protein expression from DU145 cells expressing NES-GFP (D) or NLS-fused GFP (E). IB of GFP
was quantified using Image] (NIH). GFP vector served as control. (F) Nuclear enrichment of PFKP NES mutant. (G) Reduced nuclear accumulation of PFKP NLS
mutant. In F and G, IB was performed on the NEs and CEs of cells expressing FLAG-tagged PFKP (left) with an anti-FLAG antibody. The graph on the right shows
the NE/CE ratios of FLAG-PFKP. Lamin A/C is a nuclear protein marker. Tubulin is a cytoplasmic protein marker. (H) Localization of functional NESs (NES1in green,
NES2 in blue, left) and NLS (in red, right) in the structure of the tetrameric PFKP protein. Functional NLS localizes at the interface in the dimeric form of PFKP.
Pymol software was applied for protein structure analysis, and the structure of human PFKP (DOI: 10.2210/pdb4U1R/pdb) was downloaded from the Protein Data
Bank (37). n = 3 (B-G). Data represent mean + SEM. *P < 0.05; **P < 0.01; ****P < 0.0001 by 2-tailed Student’s t test (F and G) or 1-way ANOVA (D and E).

of CDK6 in T-ALL is enhanced due to its inhibitors, CDKN2A and
CDKNZ2B, being mutated in over 50% of T-ALL cases (21). Target-
ing CDK6 for T-ALL therapy is promising, as it prevents leukemia
cell proliferation and induces apoptosis (9, 13, 20). CDK6 deple-
tion prevents development of lymphoma and T-ALL driven by
neurogenic locus notch homolog protein 1 (NOTCH1) (22). CDK6
also appears to play a role in cell migration and metastasis (23-25),
but whether and how cyclin D3/CDK6 regulate T-ALL homing/
infiltration is not known.

:

C-X-C chemokine receptor type 4 (CXCR4) is an a-chemok-
ine receptor specific for stromal cell-derived factor 1 (also called
CXCL12). CXCR4 is the most commonly reported chemokine
receptor in cancer, as it is expressed in at least 23 different types
of solid and hematopoietic cancers (26). Besides its critical roles
in tumor growth, CXCR4 has also been found to function in medi-
ating cancer cell-tumor microenvironment interaction, angiogen-
esis, and immunosuppression, which leads to metastasis, drug
resistance, and tumor recurrence (27). The expression of CXCR4
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Table 1. Predicted NESs/NLSs of PFKP

Signal sequences

NES1 15-LORGITNLCV-124

NES2 506-IGGFEAYLGLLEL-518

NES3 624-EKMKTTIQRGLVLRNES-640

NLS1 260-RARKKRLNII-269

NLS2 698-TAKLKEARGRGKKF-711

NLS3 734-ELKKGTDFEHRIPKEQWWLKLRPLMKILAKYK-765

Putative NES/NLS predicted with sequence analysis programs (NES:
http://research.nki.nl/fornerodlab/NES-Finder.htm and elm.eu.org; NLS:
http://www.moseslab.csb.utoronto.ca/NLStradamus/, NLS-mapper.iab.
keio.ac.jp, and elm.eu.org).

in solid tumors can be regulated by several factors, such as hypox-
ia-inducible factor 1a (HIF-1a) (28), nuclear factor kB (NF-xB),
vascular endothelial growth factor (VEGF), basic fibroblast growth
factor (bFGF) (29), and epidermal growth factor (EGF) (30). How
CXCR4 expression is regulated in hematopoietic cancer has not
been thoroughly studied. Further understanding the regulato-
ry mechanisms of CXCR4 expression promises to identify novel
therapeutic strategies for cancer patients.

The results presented here indicate that CDK6 promotes T-ALL
homing/infiltration by regulating PFKP nuclear localization and
CXCR4 expression. Nuclear PFKP may be a useful diagnostic mark-
er for patients with T cell malignancy, as the presence of PFKP in the
nucleus is associated with poor overall survival (OS).

Results

PFKP is a nucleocytoplasmic shuttling protein. PFKP, a rate-limiting
enzyme in glycolysis, is predominantly located in the cytoplasm
(31). A Gene Ontology (GO) enrichment analysis using data from
123 literature-curated PFKP-interacting proteins obtained from
the BioGRID database (https://thebiogrid.org/) showed that
PFKP interacts with multiple proteins functioning to regulate
nuclear transcription (with highest protein counts in the func-
tional annotation clusters) (Figure 1A and Supplemental Tables
1 and 2; supplemental material available online with this article;
https://doi.org/10.1172/JCI1143119DS1). This suggests that PFKP
may translocate into the nucleus to carry out its nuclear function.
We confirmed the presence of nuclear PFKP in 2 T-ALL cell lines
(DND41 and KOPTK1) by immunoblotting (Figure 1, B and C), but
how PFKP translocates into the nucleus is not known. Importin
and exportin are the major regulators of nucleocytoplasmic shut-
tling (32). To investigate whether PFKP is a nucleocytoplasmic
shuttling protein and regulated by importin/exportin, we quanti-
fied nuclear PFKP levels while blocking the functions of importin
or exportin. Treatment with importazole, an importin-B-specific
inhibitor, decreased nuclear PFKP levels in leukemia cells (Figure
1B and Supplemental Figure 1A). CRM1 (also known as exportin 1)
shuttles a large variety of proteins bearing nuclear export sequenc-
es (NESs) to the cytoplasm (33). Leukemia cells treated with lep-
tomycin B (LMB), a CRM1-specific inhibitor, showed increased
levels of PFKP in the nucleus (Figure 1C and Supplemental Figure
1B). Importin facilitates nuclear import of proteins by interacting
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with client nuclear localization sequences (NLSs) (34), whereas
exportin regulates nuclear export of protein clients through the
recognition of hydrophobic NESs (35). There are 3 potential NLSs
and 3 NESs in PFKP according to our amino acid sequence analy-
sis (Table 1). Fusing potential NESs or NLSs individually to green
fluorescent protein (GFP) to examine its subcellular localization
is an effective method to identify the functions of NESs and NLSs
(36). A functional NLS increases the nuclear concentration of
NLS-GFP fusion protein; in contrast, a functional NES shifts the
distribution of NES-GFP fusion protein toward the cytoplasm.
We applied this method to test each potential PFKP NLS or NES
in adherent DU145 cells, thereby identifying 2 functional NESs
(NES1 and NES2) and 1 functional NLS (NLS3) on PFKP (Figure 1,
D and E, and Supplemental Figure 1, C and D). To further validate
the nuclear export function of NES1 and NES2, we mutated L122,
L513, and L518 to alanine to generate a PFKP-NES mutant tagged
by FLAG (PFKP-NES-M). Nuclear amounts of PFKP-NES-M in
DND41 and KOPTK1 cells were significantly increased compared
with WT-PFKP control (Figure 1F and Supplemental Figure 1E).
These results indicate that these functional NESs facilitate nucle-
ar exportation of PFKP. Meanwhile, to examine the function of the
identified NLS, we mutated K737, K747, and R755 in NLS3 to ala-
nine (K/R—A) to generate a PFKP-NLS mutant (PFKP-NLS-M).
PFKP-NLS-M expression resulted in significantly lower levels of
ectopic PFKP accumulation in the nucleus (Figure 1G), suggest-
ing NLS3 is functional in regulating nuclear importation of PFKP.
Using the known crystal structure of PFKP (37), we found NES1
localized on the surface, while NES2 was positioned at the dimeric
interface of the 3D structure of PFKP (Figure 1H). Of note is that
the functional NLS also localized at the dimeric interface of the
PFKP model (Figure 1H), which suggests that dimeric, but not
tetrameric, PFKP can be imported into the nucleus when the NLS
is exposed on the protein surface.

Nuclear translocation of PFKP depends on the kinase activi-
ty of CDK6. Our previous study showed that PFKP is present in
cells predominantly in its tetrameric and dimeric forms (9). To
determine the relative amount of the dimeric form of PFKP in
both the nucleus and cytosol, we applied ultrafiltration with a
200-kDa-cutoff membrane to separate dimeric (MW 171 kDa)
from tetrameric PFKP (MW 342 kDa), as previously reported
(9). The amounts of PFKP in the filtered nuclear extracts (<200
kDa fraction) were then quantified by immunoblotting. Nucle-
ar extract before filtration was loaded as a control. The same
method was applied to semiquantify dimeric PFKP in cytoplas-
mic extract. Higher percentages of dimeric PFKP were found in
nuclear compared with cytoplasmic extracts (Figure 2A and Sup-
plemental Figure 2A).

Our previous study showed that cyclin D3/CDK6 phosphor-
ylates PFKP at serine 679 and induces the tetrameric to dimeric
transformation of PFKP (9). To test whether cyclin D3/CDK6
facilitates the nuclear translocation of PFKP, we examined
nuclear PFKP levels in multiple T-ALL cell lines after treatment
with the CDK4/CDK6 inhibitor, palbociclib. CDK4/CDK6
inhibitor treatment dramatically decreased nuclear PFKP
abundance, but did not affect total PFKP levels (Figure 2B). To
further examine whether cyclin D3 or CDK6 affects nuclear
accumulation of PFKP, we genetically knocked down cyclin D3
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Figure 2. Nuclear localization of PFKP depends on its interaction with cyclin D3/CDK6. (A) More dimeric PFKP was detected in the nuclear fraction than in the
cytoplasmic fraction. Quantification (Image)) was performed by ultrafiltration of nuclear extract (NE) or cytoplasmic extract (CE) from leukemia cells followed by
immunoblotting (IB) using an anti-PFKP antibody from Supplemental Figure 2A. (B) CDK6 inhibition decreases nuclear accumulation of PFKP. Cells were treated
with 1 uM palbociclib (Palbo) or DMSO (Con) for 24 hours. WCL, whole cell lysate. (C) Decreased nuclear PFKP in KOPTK1 cells in which either cyclin D3 or CDK6
was knocked down. The knockdown efficiency was examined with IB. (D) Pull-down assay using anti-FLAG M2 agarose beads shows direct interaction between
FLAG-PFKP and recombinant cyclin D3/CDK6. FLAG peptide served as control. PFKP-RXL is an RXL motif mutant of PFKP. (E and F) Immunoprecipitation using
anti-PFKP antibody-conjugated beads followed by IB showed that the interaction between PFKP and importin-9 was disrupted when CDK6 kinase activity was
inhibited (1 uM palbociclib, 24 hours) (E) or when CDK6 was knocked down (F), while the interaction between PFKP and CRM1was not affected. (G) Immuno-
precipitation using anti-FLAG beads followed by IB shows that higher levels of importin 9 co-immunoprecipitated with mutant S679E-PFKP than WT. HC is the
heavy chain of the FLAG antibody stained with Ponceau S (PS: HC). (H) IB of ectopic PFKP expression in NE or CE of cells expressing S679E- or WT-PFKP (left).
FLAG-PFKP expression was normalized to nuclear FLAG from cells expressing WT-PFKP (right). (1) IB shows decreased nuclear accumulation of PFKP in impor-
tin-9-knockdown cells. IB of WCL shows no significant alteration of PFKP expression. Lamin A/C and actin were used as loading controls. n = 4 (A) and 3 (B-I).
Data represent mean + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t test (A) or 1-way ANOVA (H).

or CDK6 using shRNA in KOPTK1 and DND41 cells. Nuclear RXL motifs in cyclins are critical for their interaction with part-

:

enrichment of PFKP was significantly reduced in cyclin D3~
and CDK6-knockdown leukemia cells, while the total cellular
PFKP levels remained constant (Figure 2C and Supplemental
Figure 2B). These data indicate that cyclin D3/CDK6 regulates
the nuclear enrichment of PFKP.

Cyclin D3/CDK6 interacts with PFKP in multiple T-ALL cell
lines (9). To test whether cyclin D3/CDK6 directly interacts with
PFKP, we performed in vitro protein-protein pull-down assays.
Purified FLAG-tagged PFKP was incubated with recombinant
cyclin D/CDKS6 protein complex for 30 minutes, and anti-FLAG
antibody was applied to pull down proteins associated with PFKP.
The results showed that PFKP directly interacted with cyclin D3/
CDK®, as cyclin D3/CDK6 was positively detected in the pull-
down complex with FLAG-tagged PFKP, but not with control
FLAG peptides (Supplemental Figure 2C).

ner proteins (38, 39). Amino acid sequence analysis (PDB: 4U1R)
revealed 5 potential cyclin-binding RXL motifs in PFKP (Table
2). To test whether these RXL cyclin-binding motifs in PFKP are

Table 2. List of cyclin-binding motifs in the amino acid sequence
of PFKP

RXL motif Sequence
RXL1 319-RIL-321
RXL2 442-RML-444
RXL3 613-RDL-615
RXL4 632-RCL-634
RXL5 755-RPL-757

J Clin Invest. 2021;131(16):e143119 https://doi.org/10.1172/)C1143119
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required for its interaction with cyclin D3/CDK6, we performed
pull-down assays using a PFKP-RXL mutant, in which arginine
residues in RXL motifs were replaced with glutamic acids. Purified
PFKP-RXL protein from DND41 was utilized to examine the inter-
action with recombinant cyclin D3/CDK6 protein, as described
above. The results showed that the interaction between PFKP-RXL
and cyclin D3/CDK6 was disrupted, indicating that the RXL motifs
are required for the interaction between PFKP and cyclin D3/CDK6
(Figure 2D). In addition, PFKP-RXL expression was predominant-
ly detected in the cytoplasmic fractions, with almost none being
observed in the nuclear fractions. Treatment of KOPTK1 cells with
the exportin-specific inhibitor, LMB, did not increase the nuclear
amount of PFKP-RXL (Supplemental Figure 2D). This suggests that
the decreased nuclear amount of PFKP-RXL is due to inhibition of
its nuclear importation, but not to any increase in nuclear exporta-
tion. We therefore conclude that the nuclear translocation of PFKP
relies on its direct interaction with cyclin D3/CDK6 as well as the
kinase activity of CDK®6.
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Figure 3. Nuclear PFKP enrichment increases T-ALL invasion. (A) Top:
Schematic of engineered PFKP fused with the classic SV40 nuclear local-
ization signal (NLS). Bottom: Immunoblotting of ectopic PFKP expression
in nuclear extract (NE) or cytoplasmic extract (CE) of DND41 cells express-
ing WT-PFKP, NLS-PFKP, or PFKP-RXL. Lamin A/C and tubulin were used
as markers for the NE and CE, respectively. Right: Quantification of the
ratio of nuclear to cytoplasmic FLAG-PFKP. (B and C) Extracellular acidifi-
cation rate (ECAR) analyses of glycolysis (B) and oxygen consumption rate
(OCR) analyses of mitochondrial respiration (C) of DND41 cells expressing
WT-, NLS-, or S679E-PFKP. (D) Annexin V/PI staining quantifies apoptotic
cell populations. No significant differences in cell apoptosis were detected
by flow cytometry in KOPTK1 cells expressing WT-PFKP, NLS-PFKP, or
PFKP-RXL. (E) Ectopic expression of nuclear PFKP (NLS-PFKP) signifi-
cantly increases the invasiveness of KOPTK1 cells. Boyden chambers
coated with Matrigel and CXCL12 (100 ng/mL) in the bottom chambers
were used for cell invasion assays as in other figures. Invading cells in the
bottom chamber were quantified after 24 hours. (F) Invading cell numbers
of DND41 (DND) and KOPTK1 (KOP) cells in which CDK6 was inhibited by
palbociclib (1 uM, 8 hours). DND-CXCL12 and KOP-CXCL12 represent cells
stimulated with CXCL12. DND-CXCL12+Palbo and KOP-CXCL12+Palbo
represent cells treated with palbociclib and stimulated with CXCL12. DMSO
was used as vehicle control. (G) Invading cell numbers of KOPTK1 cells in
which CDK6 was knocked down with shRNA (KOP-CXCL12-shCDK6) or
depleted with the specific degrader, BS}-03-123 (KOP-CXCL12-CDK6ED). n =
3 (A, D,E, andG), >7 (B and C), and 4 (F). Data represent mean + SEM (A
and D-G) or mean + SD (B and C). *P < 0.05, **P < 0.01, ****P < 0.0001 by
1-way ANOVA (A and D-G). NS, not significant.
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CDKG6 regulates the interaction between PFKP and importin-9.
Importin-9 interacts with CDK6 in both MOLT4 and KOPTK1
leukemia cells, as detected with coimmunoprecipitation (co-IP)
followed by mass spectrometry (MS) (refer to published Supple-
mental Table 1 of ref. 9). Importin-9 is a nuclear transport recep-
tor that regulates nuclear localization of multiple proteins (40).
Our preliminary co-IP/MS experiments indicated that importin-9
also interacts with PFKP in both KOPTK1 and JURKAT cells (Sup-
plemental Figure 2E). This raises the possibility that importin-9
might interact with PFKP to regulate its nuclear translocation. We
first confirmed the interaction between importin-9 and CDKS,
and then importin-9 and PFKP, using co-IP followed by immu-
noblotting with specific antibodies in both KOPTK1 and MOLT4
cells (Supplemental Figure 2, F and G, and Figure 2E). Remark-
ably, the interaction between PFKP and importin-9 was disrupted
in leukemia cells in which CDK6 kinase activity was inhibited or
CDK6 was knocked down with shRNA, indicating that the inter-
action between PFKP and importin-9 relied on the kinase activity
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Table 3. List of cell surface proteins functioning in cell invasion/

migration whose transcription was downregulated in KOPTK1 cells

treated with CDK6 inhibitor

Protein name Log,(Palbo/vehicle)* Pvalue Functions

CXCR4 =12 130107 Invasion/migration/metastasis
PPFIA4 -13 3.06x10° -

FGFR3 -13 3.59 x 10-° Migration/invasion
FzD1 -2 737 %10 -

FZD5 -12 513 %10 =

HMMR -33 1.52x107 Migration/invasion
VEGFA -13 179 %10 Angiogenesis/metastasis
GPR19 -2.2 133 x107 -

ITPR3 -13 5.80 107 =

TRPC3 -21 1.69 x 107 Migration

VLDLR -16 2.20 x 107 Migration/metastasis
GPSM2 -24 819 x10°® -

Related to Figure 4A. Original data were obtained from EMBL-EBI (www.ebi.

ac.uk), and analyzed with the DAVID 6.8 functional annotation tool (NIH).
ALog,(palbociclib/vehicle) < -1.2-fold.

we measured glycolysis and mitochondrial respiration of
DND41 cells expressing ectopic PFKP using the Seahorse XF
instrument. The glycolysis, glycolytic capacity, and glyco-
lytic reserve of cells expressing WT-, NLS-, or S679E-PFKP
were not significantly affected compared with cells express-
ing vector control, which was assessed through extracellular
acidification rate (ECAR) measurement (Figure 3B and Sup-
plemental Figure 3B). The oxygen consumption rate (OCR),
which reflects mitochondrial respiration, did not significant-
ly change in DND41 cells expressing ectopic PFKP mutants
(Figure 3C). Cell cycle analysis using the BrdU/PI staining
method showed no significant difference among KOPTK1
cells ectopically expressing NLS-PFKP, WT-PFKP, or PFKP-
RXL; and no significant difference in apoptotic index was
observed (Supplemental Figure 3C and Figure 3D). Inter-
estingly, expression of NLS-PFKP dramatically promoted
invasiveness of KOPTK1 cells (Figure 3E). Since PFKP nucle-
ar translocation depended on the kinase activity of CDK6
(Figure 2B), we then tested whether CDK6 inhibition could
affect leukemia cell invasion. Invasiveness was significantly

of CDK6 (Figure 2, E and F, and Supplemental Figure 2, G and H).
CRM1-specific inhibitor treatment led to nuclear accumulation of
PFKP (Figure 1C). We confirmed the interaction between PFKP
and CRM1 using co-IP followed by immunoblotting in lysates of
KOPTK1 and MOLT4 cells. Unlike importin-9, the interaction
between PFKP and CRM1 did not rely on the kinase activity of
CDKG6 (Figure 2, E and F, and Supplemental Figure 2, G and H).
Taken together, these findings suggest that CDK6 regulates nucle-
ar importation but not exportation of PFKP.

Since more dimeric PFKP localized to the nucleus than to
the cytosol (Figure 2A) and nuclear PFKP accumulation depend-
ed on CDKG6 kinase activity (Figure 2B), we next asked whether a
CDK6-dependent phosphomimic of the PFKP mutant (S679E)
increased the interaction with importin-9. A pull-down assay fol-
lowed by immunoblotting showed that indeed, compared with
WT-PFKP, a greater amount of importin-9 protein interacted with
S679E-PFKP (Figure 2G) and more S679E-PFKP mutant accu-
mulated in the nucleus (Figure 2H). In addition, in both KOPTK1
and MOLT4 cells, nuclear accumulation of PFKP was significant-
ly decreased when importin-9 was knocked down using shRNA,
with no obvious change in total cellular levels of PFKP (Figure
21). IP using an anti-GFP antibody followed by immunoblotting
showed that importin-9 interacted with NLS3-GFP fusion protein
from DU145 cells, and CRM1 interacted with functional NES1- and
NES2-GFP protein (Supplemental Figure 2I). This further suggest-
ed that the nucleocytoplasmic shuttling of PFKP depends on its
own NLS and NESs, as well as its interaction with karyopherins.

Nuclear PFKP mediated by CDKG6 stimulates T-ALL invasion. The
nuclear function of PFKP in T-ALL is not known. To understand
the role of nuclear PFKP, we engineered an SV40 NLS (MDPKK-
KRKGR) at the N-terminus of PFKP to increase its nuclear trans-
location. Immunoblotting showed that NLS-tagged PFKP was
enriched in the nucleus relative to WT-PFKP (Figure 3A and Sup-
plemental Figure 3A). PFKP is a key enzyme of glycolysis; thus,

decreased in both DND41 and KOPTXK1 cells upon treatment
with palbociclib, while total cell number did not change sig-
nificantly (Figure 3F and Supplemental Figure 3D). Further,
CDK6 knockdown with shRNA or depletion with a specific degrad-
er, BSJ-03-123, also dramatically reduced the invasive capability
of KOPTK1 cells, indicating that CDK6 performs a key function in
leukemia cell invasion (Figure 3G).

Cyclin D3/CDK6-mediated nuclear PFKP translocation reg-
ulates CXCR4 expression. Since CDK6 inhibition significantly
diminished PFKP nuclear translocation (Figure 2B), we deduced
that CDK6 inhibition decreases the nuclear functions of PFKP. To
uncover the mechanisms underlying regulation of leukemia cell
invasiveness by nuclear PFKP, we analyzed transcription profil-
ing array data of KOPTKI cells upon treatment with the CDK4/
CDKG6 inhibitor palbociclib (PD0332991) (EMBL-EBI, www.ebi.
ac.uk). A functional annotation tool (DAVID 6.8, NIH; https://
david.ncifcrf.gov/) was applied to analyze the enrichments with
and without treatment (log,[palbociclib/vehicle] < -1.2-fold).
Annotation clusters with high enrichment score were “cell cycle,”
“cell division,” and “chromosome and DNA damage/repair,” all
well-known functions of CDK4/CDK6. Notably, 6 of 12 proteins
in the annotation cluster “cell surface proteins/receptor function-
ing in cell invasion/migration/metastasis,” including CXCR4,
FGFR3, HMMR, and VEGFA, were shown to be downregulated
upon treatment with palbociclib (Table 3). We confirmed that the
protein levels of CXCR4 and HMMR, but not FGFR3 and VEG-
FA, were significantly downregulated in multiple leukemia cell
lines treated with palbociclib (Figure 4A). CXCR4 expression was
significantly reduced in KOPTK1 cells in which CDK6 was either
depleted with the CDK6 degrader BSJ-03-123 or knocked down
with shRNA (Figure 4B). It is worth noting that regulation of
CXCR4 by CDK6 does not depend on the presence of RB proteins,
as RB (RB, RBL1, RBL2) knockdown in KOPTK1 and MOLT4 cells
did not affect CDK6-mediated CXCR4 expression (Supplemental
Figure 4A). This suggests that the regulatory effect of CDK6 on
CXCR4 is RB independent. p53 plays a role in cancer metastasis
and negatively regulates CXCR4 expression to mediate breast
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Figure 4. Nuclear PFKP upregulates CXCR4 expression. (A) Expression levels of cell surface proteins (upper: CXCR4, by flow cytometry; lower: HMMR,
FGFR3 and VEGFA, by immunoblotting [IB]) functioning in cell invasion/migration were measured in leukemia cells treated with palbociclib (Palbo) (1 uM,
48 hours for DND41and KOPTKT; 1 uM, 24 hours for MOLT4 and MOLT16). (B) CXCR4 expression measured by flow cytometry was decreased in KOPTK1
cells treated with the CDK6 degrader (CDK6D; 10 uM BSJ-03-123, 48 hours), or in which CDK6/cyclin D3 was knocked down with shRNA. IB shows the
efficiency of the CDK6 degrader. Actin and vinculin were loading controls. (C) Correlation analysis of CCLE transcriptomic data reveals that expression of
CCND3 (encoding cyclin D3) and COKB6, but not of CCNDT (encoding cyclin D1) or COK4, is correlated with that of CXCR4 in all cancer cell lines (1,019 cell lines
in total) and in hematopoietic cell lines (176 cell lines in total). Purple color represents positive correlation, and blue color represents negative correlation.
Larger size and darker color of the dots represent stronger correlation between two genes. Pearson’s correlation coefficients for each pair of genes were
calculated using R software. (D) CXCR4 expression measured by flow cytometry was increased in cells expressing NLS-PFKP but not PFKP-RXL (upper).
IB shows HMMR expression was not changed in cells expressing NLS-PFKP or PFKP-RXL mutant (lower). (E) Flow cytometry analysis of CXCR4 expressed
on the surface of KOPTK1 cells (upper), in which the median value of the reading was used for quantification (lower). CXCR4 expression was normalized to
KOPTK1 cells transfected with empty vector. (F) CDK6 knockdown in leukemia cells expressing NLS-PFKP did not significantly affect nuclear PFKP accu-
mulation (upper). IB of whole cell lysate (WCL) showed that the expression of NLS-PFKP or CXCR4 was not affected by CDK6 knockdown (lower). (G) Fold
changes in mRNA levels of CXCR4 in cells expressing NLS-PFKP compared with WT-PFKP measured using gRT-PCR. n = 3 (A, B, and D-G). Data represent
mean + SEM. **P < 0.01, ***P < 0.001, ****P < 0.0001 by 2-tailed Student’s t test (A) or 1-way ANOVA (B, D, E, and G).

cancer cell invasion (41, 42). To test whether p53 is involved in
the downregulation of CXCR4 by CDK6 inhibition, we measured
CXCR4 expression in leukemia cell lines (KOPTK1 and MOLT4)
in which p53 was knocked down and CDK6 was inhibited by

treatment with palbociclib. We found that p53 knockdown had
no effect on the downregulation of CXCR4 expression mediat-
ed by CDK6 inhibition (Supplemental Figure 4B and Figure 4A).
This suggests that p53 is not involved in this regulatory process.
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Furthermore, bioinformatic analyses showed that the expression
levels of CCND3 (encoding cyclin D3) correlated well with those
of CXCR4 in 1,019 cancer cell lines based on the Cancer Cell
Line Encyclopedia (CCLE) data (https://portals.broadinstitute.
org/ccle) (Figure 4C). In all 1,019 cancer cell lines, ZEBI (zinc
finger E-box binding homeobox 1) expression showed a positive
correlation with VIM (vimentin), and these two both negatively
correlated with CDHI (E-cadherin), observations consistent with
prior knowledge that were applied as controls for the analysis.
Importantly, CCND3 expression positively correlated with that
of CXCR4, to almost the same extent as the correlation between
ZEBI and VIM (Pearson’s r of approximately 0.45), which can be
considered a strong correlation. In 176 hematopoietic cell lines,
the correlations between EMT markers are absent, but the cor-
relation between CCND3 and CXCR4 still stands (Figure 4C).
We then examined whether nuclear PFKP increased CXCR4
expression. The expression of CXCR4, but not HMMR, in leu-
kemia cells expressing NLS-PFKP was significantly increased
compared with cells expressing WT-PFKP (Figure 4, D and E,
and Supplemental Figure 4, C and D). In contrast, expression of
the PFKP-RXL mutant showing no nuclear accumulation of PFKP
did not increase CXCR4 expression. Leukemia cells express-
ing S679E-PFKP, which had enriched nuclear distribution of
PFKP, showed elevated CXCR4 expression levels compared with
WT-PFKP (Supplemental Figure 4D). Knockdown of PFKP in
DND41 cells significantly reduced CXCR4 expression, further
confirming PFKP’s role in regulating CXCR4 expression (Supple-
mental Figure 4E). All these results suggest that nuclear transloca-
tion of PFKP mediated by CDK6 promotes CXCR4 expression to
increase cell invasiveness. Notably, CDK6 depletion in leukemia
cells expressing NLS-PFKP affected neither the nuclear accumu-
lation of NLS-PFKP nor expression of CXCR4 (Figure 4F), indi-
cating that CDK6 does not have a scaffolding function for nuclear
PFKP. Real-time PCR results showed that CXCR4 mRNA levels
significantly increased in DND41 and MOLT4 cells expressing
NLS-PFKP (Figure 4G and Supplemental Figure 4F), which sug-
gests that upregulation of CXCR4 by nuclear PFKP is likely at
the transcriptional level. BloGRID database analysis showed that
PFKP interacts with multiple transcription factors (e.g., Myc,
SOX2, ZBTB38) as well as chromatin modifiers (e.g., HDAC2,
HDACS6, KAT5) (Supplemental Figure 4G), indicating that nucle-
ar PFKP might regulate CXCR4 transcription by interacting with
and/or regulating the activities of certain transcription factor(s).
Nuclear PFKP interacts with c-Myc to regulate CXCR4 expres-
sion. Analysis of the PFKP-interacting transcription factors listed
in Supplemental Figure 4G revealed that c-Myc binds at the pro-
moter region of CXCR4 in multiple cell lines with highest poten-
tial cutoff (Supplemental Figure 5A; data retrieved from http://
cistrome.org/db/#/), raising the possibility that nuclear PFKP
interacts with c-Myc to regulate CXCR4 transcription. c-Myc is
a multifunctional transcription factor regulating cellular growth,
metabolism, and cell invasiveness (43, 44). Using co-IP followed
by immunoblotting, we confirmed that PFKP interacted with
c-Myc in DND41 cells, and that their interaction increased when
nuclear PFKP was enriched (NLS- and S679E-PFKP) (Figure 5A).
c-Myc phosphorylation at serine 62, which stabilizes c-Myc and
increases its activity, was increased in cells expressing NLS- or

The Journal of Clinical Investigation

S679E-PFKP. No change in c-Myc phosphorylation at threonine
58, which induces c-Myc degradation, was observed (Figure 5A).

Analysis of ChIP-seq data from 2 cell lines (H2171 and HCT116)
revealed several potential c-Myc-binding regions at the CXCR4
promoter (Supplemental Figure 5B). ChIP followed by quantitative
PCR (ChIP-qPCR) assay using anti-c-Myc or anti-PFKP antibodies
showed that both c-Myc and PFKP bind to the same promoter region
of CXCR4 (peak number 31237 from H2171, peak number 42093
from HCT116) (Supplemental Figure 5B), but nuclear PFKP was
no longer able to bind to the CXCR4 promoter region when c-Myc
was knocked down with shRNA (Figure 5B). Furthermore, CXCR4
expression levels were no longer increased in c-Myc-knockdown
cells (Figure 5C), and consequently no increase in nuclear PFKP-
mediated cell invasion was observed (Figure 5D and Supplemental
Figure 5C). All these results suggested that nuclear PFKP requires
c-Myc to upregulate CXCR4 expression and cell invasiveness. To
test whether c-Myc activity is critical for PFKP-regulated CXCR4
transcription, we stably introduced CXCR4 promoter-dual lucif-
erase reporter gene fusions into DND41 cells expressing WT-,
NLS-, or S679E-PFKP. CXCR4 promoter activity was significantly
increased in cells expressing nuclear PFKP (Figure 5E). Moreover,
CXCR4 promoter activity was dramatically decreased when c-Myc
activity was inhibited by JQ1, the BET bromodomain BRD4 inhibi-
tor (45) (Figure 5E). Cell invasiveness was significantly inhibited by
either JQ1 (Supplemental Figure 5D) or a specific inhibitor of c-Myc,
10058-F4 (46-48) (Figure 5F and Supplemental Figure 5E). These
findings demonstrate that c-Myc is required for nuclear PFKP con-
trol of CXCR4 transcription.

Cell invasiveness promoted by nuclear PFKP relies on CXCR4.
Overexpression of CXCR4 is associated with leukemia homing
and infiltration (49). Chemokine CXCL12, the ligand for CXCR4,
stimulates invasiveness of CXCR4-expressing cells (50, 51). To
determine the significance of CXCR4 in cell invasion regulated by
nuclear PFKP, we applied CXCR4-specific antagonists (plerixa-
for or motixafortide), which interfere with the chemotactic inter-
action between CXCR4 and CXCLI12 (52, 53), to block invasion
of KOPTK1 and DND41 cells expressing NLS-PFKP. Human
CXCL12 was added to cell culture medium in the bottom cham-
bers of invasion assays to stimulate cell invasion. Leukemia cells
expressing NLS-PFKP or S679E-PFKP, but not PFKP-RXL, exhib-
ited enhanced invasive capabilities compared with cells expressing
WT-PFKP. The enhanced invasiveness was inhibited by CXCR4
antagonists or CXCR4 depletion with shRNA (Figure 6, A and B,
and Supplemental Figure 6A). We excluded the possibility that the
decreased cell invasion was due to an alteration in total cell num-
ber (Supplemental Figure 6A and Supplemental Figure 6, B and
C). These results suggest that CXCR4 is the major factor regulated
by NLS-PFKP to promote leukemia cell invasiveness.

To further test whether nuclear PFKP stimulates leukemia
cell homing/infiltration, we performed an in vivo study using
previously established leukemia mouse models (9). KOPTK1
cells expressing NLS-PFKP, WT-PFKP, or PFKP-RXL were i.v.
delivered into immunodeficient mice. The mice were then treat-
ed with the CXCR4 antagonist, plerixafor, daily for 3 weeks to
determine whether it can inhibit nuclear PFKP-induced leu-
kemia cell dissemination. Dissemination of KOPTK1 cells in
multiple mouse organs was detected with flow cytometry by
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Figure 5. Nuclear PFKP interacts with c-Myc to regulate CXCR4 transcription. (A) Immunoblots show that PFKP interacts with c-Myc (upper). Exog-
enous PFKP was immunoprecipitated from lysates of DND41 cells expressing WT-, NLS-, or S679E-PFKP using an anti-FLAG antibody. The presence
of c-Myc was determined by immunoblotting (IB). Phosphorylation of c-Myc at 562, but not T58, increases in cells expressing nuclear PFKP (NLS- or
S679E-PFKP) (lower). c-Myc was immunoprecipitated from lysates of DND41 cells expressing WT-, NLS-, or S679E-PFKP. Phosphorylation of c-Myc
was determined by IB. c-Myc IB shows the loading of c-Myc proteins. (B) ChIP-gPCR shows c-Myc and PFKP binding to the same promoter region

of CXCR4. c-Myc and PFKP antibodies were applied to ChIP in formaldehyde-fixed DND41 cells, in which c-Myc was either intact or knocked down
with shRNA. Mouse IgG served as a control. (€) c-Myc knockdown decreases CXCR4 expression as measured by flow cytometry (upper) but does not
affect PFKP expression and its nuclear distribution (lower). c-Myc expression was knocked down in DND41 cells expressing WT-, NLS-, or S679E-PFKP.
Expression of nuclear PFKP and c-Myc were examined by 1B (lower). (D) c-Myc knockdown with independent shRNAs (shMyc-1 or shMyc-2) signifi-
cantly decreases the invasive capability of DND41 cells expressing WT-, NLS-, or S679E-PFKP. shCon is nontargeting control shRNA. (E) Luciferase
reporter assay shows c-Myc inhibition decreases CXCR4 promoter activity. DND41 cells expressing WT-, NLS-, S679E-PFKP, or empty vector were
treated with JQ1(0.5 or 1.0 uM) for 48 hours. (F) c-Myc inhibitor (50 uM 10058-F4) treatment decreases the invasiveness of DND41 cells expressing
WT-, NLS-, or S679E-PFKP. Con is a vehicle control. n = 3 (A-C, E, and F) and 4 (D). Data represent mean + SEM. *P < 0.05, ***P < 0.001, ****P <
0.0001 by 2-tailed Student’s t test (C) or 1-way ANOVA (B and D-F).

gating on human CD45, a human T cell marker. Similar num-
bers of KOPTK1 cells expressing NLS-PFKP, WT-PFKP, and
PFKP-RXL were detected in peripheral blood. Compared with
those expressing WT-PFKP or PFKP-RXL, more KOPTK1 cells
expressing NLS-PFKP were detected in bone marrow, spleen,
and liver, indicating that leukemia cells expressing nuclear PFKP
have higher homing/infiltration rates than those expressing pri-
marily cytosolic WT-PFKP or PFKP-RXL. Plerixafor treatment
significantly inhibited homing/infiltration of leukemia cells
expressing NLS-PFKP to bone marrow, spleen, and liver, but
not the number of leukemia cells in the peripheral blood (Figure

J Clin Invest. 2021;131(16):e14311

6C). This supports the idea that CXCR4 is the dominant regula-
tor of extramedullary infiltration by leukemia cells expressing
NLS-PFKP into multiple organs. The presence of leukemia cells
detected by immunohistochemistry (IHC) with an anti-human
CD45 antibody showed that leukemia cells indeed homed/infil-
trated into the bone marrow, spleen, and liver and supported the
notion that accumulation of leukemia cells in these organs is not
due to an increase in the number of leukemia cells in the blood
vessels (Figure 6D and Supplemental Figure 6D), and that the
increased number of malignant cells in these organs is not due

to increased proliferation (Supplemental Figure 6E).
>
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Figure 6. CXCR4 inhibition decreases leukemia cell invasiveness both in vitro and in vivo. (A) CXCR4-specific-antagonist treatment of KOPTK1 cells expressing
WT-PFKP, NLS-PFKP, or PFKP-RXL significantly decreases cell invasiveness in vitro. Invasion assays were performed on cells with and without treatment with
either motixafortide (4 uM) or plerixafor (10 uM). Boyden chambers coated with Matrigel and CXCL12 (100 ng/mL) in the bottom chambers were used for cell
invasion assay as in other figures. (B) CXCR4 knockdown with shCXCR4-1 or shCXCR4-2 significantly decreases the invasive capability of DND41 cells express-
ing WT-, NLS-, or S679E-PFKP. shCon is nontargeting control shRNA. (C) Flow cytometry analysis of KOPTK1 cells expressing WT-, NLS-PFKP, or PFKP-RXL in
peripheral blood, bone marrow, spleen, or liver of immunodeficient mice by gating on human CD45 3 weeks after the mice were tail vein injected with KOPTK1
cells and treated with CXCR4 antagonist (plerixafor) daily. Tissues were dissociated by collagenase treatment followed by passing through a 70-pm strainer.
Percentage of cells represents KOPTK1 cells over total gated cells. Each symbol represents data for an individual mouse. (B) Immunohistochemical staining with
an anti-human CD45 antibody of spleens from mice that received KOPTK1 cells expressing WT-, NLS-PFKP, or PFKP-RXL. Tumor-bearing mice were treated
with plerixafor (lower) or vehicle control (upper). Arrows indicate blood vessels. Scale bar: 100 um. (E) Kaplan-Meier survival curves of tumor-bearing mice that
received KOPTK1 cells expressing WT-, NLS-PFKP, or PFKP-RXL. Tumor-bearing mice were treated with CXCR4 antagonist (plerixafor) daily, 7 days after the
implantation of KOPTK1 cells. n = 3 (A), 4 (B), and 6 (C and B) mice/group for WT-PFKP and NLS-PFKP, n = 5 mice/group for PFKP-RXL; n = 5 mice/group (E).
Data represent mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 by 1-way ANOVA (A-C). NS, not significant.

We next tested how nuclear PFKP affects the survival of
tumor-bearing mice. KOPTK1 cells expressing NLS-PFKP,
WT-PFKP, or PFKP-RXL were i.v. delivered into immunode-
ficient NOG mice. Tumor-bearing mice with NLS-PFKP had
the poorest survival, while the PFKP-RXL mice had the best.

Treatment with plerixafor daily starting 1 week after tumor cell
implantation significantly prolonged survival of tumor-bear-
ing mice (Figure 6E). This result suggests that high nuclear
PFKP expression leads to rapid leukemia progression and poor
survival. The prolongation of survival by CXCR4 antagonist
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Figure 7. CXCR4 inhibition decreases primary T-ALL invasion. (A) Immunoblotting (left) with quantification (right) shows nuclear PFKP expression in
primary T-ALL cells from different patients. The 3 primary cultures are designated DFAT-24836, DFAT-28537, and CBAT-93917. (B) CXCR4 expression levels
in primary T-ALL cells from different patients were analyzed with flow cytometry. (C) Invasive capability of primary T-ALL cells from different patients
was analyzed. Boyden chambers coated with Matrigel and CXCL12 (100 ng/mL) in the bottom chambers as a stimulus for 24 hours were used for in vitro
invasion assays here and Supplemental Figure 7. (D) Nuclear PFKP expression in primary T-ALL cells (DFAT-24836) treated with the CDK4/6 inhibitor
palbociclib (Palbo, 1 uM), CDK6 degrader (CDK6D; BS)-03-123, 10 uM), or importin inhibitor importazole (Impor, 40 uM) for 24 hours. (E) CXCR4 expression
analyzed with flow cytometry in primary T-ALL cells (DFAT-24836) treated with palbociclib (Palbo, 1 uM), BSJ-03-123 (CDK6D, 10 uM), importazole (Impor,
40 pM), or c-Myc inhibitor (10058-F4, 50 pM) for 24 hours. (F) Invasion assay of primary T-ALL cells (DFAT-24836) treated with palbociclib (Palbo, 1 uM),
CXCR4 antagonist (plerixafor, 10 uM), or c-Myc inhibitor (10058-F4, 50 uM) for 24 hours. (G) Analysis of primary T-ALL cells (DFAT-24836 and DFAT-28537)
in peripheral blood, bone marrow, spleen, or liver of NOG mice using flow cytometry with gating on human CD45 after the mice were tail vein injected
with primary T-ALL cells and then treated with plerixafor daily for 29 days. Percentage of cells represents primary T-ALL over total gated cells. Each sym-
bol represents data for an individual mouse. n = 5 mice/group. n =3 (A, B, D, and E) and 4 (C and F). Data represent mean + SEM. *P < 0.05, **P < 0.01,
***p < 0.001, ****P < 0.0001 by 1-way ANOVA (A-C and E-G). NS, not significant.

treatment indicates that progression of leukemia expressing
nuclear PFKP depends significantly on CXCR4.

Glycolysis inhibition prevents PFKP nuclear translocation and
CXCR4 expression. The extracellular signal(s) that stimulate
nuclear translocation of PFKP have not been identified. Increased
glycolysis correlates with cancer cell invasion and metastasis (54).
A previous study showed that the transcriptional regulatory func-
tion of PFKP is downregulated when glycolysis is inhibited (10).
In addition, inhibition of glycolysis using 2-deoxyglucose (2-DG)
induces the expression of p21, which leads to inactivation of cyclin
D/CDK. Together, these observations raise the possibility that

J Clin Invest. 2021;131(16):e143119 https://doi.org/10.1172/)C1143119

nuclear translocation of PFKP might be regulated by glycolysis. To
test this, we treated T-ALL cells with the glycolytic inhibitor 2-DG,
and then quantified nuclear enrichment of PFKP. Nuclear PFKP
was significantly reduced upon inhibition of glycolysis, while total
cellular PFKP remained unchanged (Supplemental Figure 6F and
data not shown). In addition, we found that inhibition of glycoly-
sis downregulated CXCR4 expression (Supplemental Figure 6G).
These findings suggest that glycolysis regulates the nuclear trans-
location of PFKP as well as CXCR4 expression, and that downreg-
ulation of glycolysis may prevent nuclear translocation of PFKP
and decrease leukemia cell infiltration.
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Figure 8. Nuclear PFKP is associated with the aggressiveness of T cell ymphoma/leukemia. (A) Immunohistochemistry (IHC) shows nuclear localization
of PFKP in aggressive T cell ymphoma/leukemia. High-magnification image represents area indicated by the small rectangle. RH, reactive hyperplasia;
PTCL, NOS, peripheral T cell lymphoma, not otherwise specified; AITL, angioimmunoblastic T cell ymphoma; NK/T, extranodal NK/T cell lymphoma,
nasal type; T-LBL/ALL, T lymphoblastic lymphoma/acute lymphoblastic leukemia. Scale bar: 100 um. (B) Percentage of positive nuclear PFKP staining

in individual specimens. In total, 36 cases of normal, 16 cases of RH, 42 cases of AITL, 16 cases of PTCL, NOS, 33 cases of NK/T, and 10 cases of T-LBL/
ALL were analyzed. (C) Positive nuclear PFKP staining is associated with poor survival in NK/T and AITL patients. Kaplan-Meier plot of overall survival of
patients with negative or positive nuclear PFKP staining in NK/T and AITL groups. Red and blue lines represent patients positive and negative for nuclear
PFKP staining, respectively. (D) Schematic showing that PFKP is a nucleocytoplasmic shuttling protein with functional nuclear export signal (NES) and
nuclear localization signal (NLS) sequences. Cyclin D3/CDKG6 facilitates PFKP nuclear translocation by exposing the NLS of PFKP, promoting the interaction
between PFKP and importin-3. Nuclear PFKP stimulates the expression of CXCR4 to promote T-ALL cell invasiveness, which depends on the transcription
factor c-Myc. Created with BioRender.com. *P < 0.05, ***P < 0.001, ****P < 0.0001 by 1-way ANOVA (B).

Invasion by primary T-ALL cells depends on nuclear PFKP trans-
location and CXCR4 activity. We tested the clinical significance
of nuclear PFKP and CXCR4 in the homing/infiltration of tumor
cells in 3 primary T-ALL cell cultures from different patients (55).
We found that primary T-ALL cells exhibiting high levels of nucle-
ar PFKP showed enhanced CXCR4 expression and invasive capa-
bility (Figure 7, A-C). Consistent with the observations in T-ALL
cell lines, PFKP nuclear enrichment and CXCR4 expression in pri-
mary T-ALL cells depended on the activities of CDK6 kinase and
importin; and inactivation of CDK6, c-Myc, or CXCR4 significant-
ly decreased leukemia cell invasiveness (Figure 7, D-F, and Sup-
plemental Figure 7, A-E). An in vivo study using immunodeficient
mice further confirmed that primary T-ALL cells with high nuclear
PFKP expression showed enhanced homing/infiltration capabili-
ty, which depended on CXCR4 (Figure 7G).

] -

Our previous study showed that cyclin D3/CDK6 phosphory-
lates PFKP in melanoma cells with high expression levels of cyclin
D3/CDKG6 (9). To test whether CDK6 also regulates CXCR4 expres-
sion in melanoma, we examined the expression of CXCR4 in 4 mel-
anoma cell lines with various expression levels of cyclin D3/CDK6
(Supplemental Figure 7F). CDK4/CDXK6 inhibitor treatment did
not significantly affect CXCR4 expression in these cells (Supple-
mental Figure 7G), which suggests that the regulatory mechanism
of CXCR4 expression in melanoma is different from T-ALL.

Nuclear PFKP is enriched in aggressive T cell lymphoma/leu-
kemia tissue specimens, and correlates with low survival rates. Our
immunoblotting results demonstrated the presence of PFKP in
the nuclear lysates of T-ALL cells (Figures 1B and 7A). To inves-
tigate the clinical relevance of nuclear PFKP in T cell malignan-
cy, we performed IHC to analyze PFKP nuclear accumulation

J Clin Invest. 2021;131(16):e143119 https://doi.org/10.1172/)C1143119


https://www.jci.org
https://doi.org/10.1172/JCI143119
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd

The Journal of Clinical Investigation

Table 4. Correlation between PFKP nuclear expression levels and
clinicopathological features in patients with AITL

Patient characteristics Nuclear PFKP expression Pvalue
Negative Positive

Sex Male 25 7 0.255
Female 6 4

Age (Years) <60 14 4 0.612
260 17 7

Stage I/ 20 6 0.559
/v n 5

in patient tissue samples. Specimens from 4 subtypes of T cell
lymphoma/leukemia were analyzed: peripheral T cell lympho-
ma, not otherwise specified (PTCL, NOS); angioimmunoblastic
T cell lymphoma (AITL); NK/T; and T-LBL/ALL. Lymph nodes
(both normal and reactive hyperplastic) and thymus (both nor-
mal and hyperplastic) were utilized as controls. IHC staining
with an anti-PFKP antibody showed nuclear PFKP enrich-
ment in cells from invasive T cell lymphoma/leukemia (Figure
8A). Statistically, only aggressive T cell lymphoma/leukemia
(including PTCL, NOS; AITL; NK/T; and T-LBL/ALL) showed
nuclear PFKP staining (Figure 8B), in contrast with specimens
from patients with normal T lymph node and reactive hyper-
plasia, which showed an absence of nuclear PFKP. As a paral-
lel control, the expression of nuclear PFKP in the thymus was
comparatively low (Supplemental Figure 8A). Notably, survival
rates of both NK/T and AITL lymphoma patients with positive
nuclear PFKP staining were significantly decreased compared
with those with negative nuclear PFKP staining (Figure 8C). We
further performed multivariate prognostic analysis of indepen-
dent risk factors for OS in patients with AITL, and the result
showed that age and nuclear PFKP staining can be utilized as
independent prognostic factors (Supplemental Figure 8B).
There was no significant correlation between nuclear PFKP
expression and sex, age, or stage (Table 4). Consistent with the
mechanistic study, the expression of CDK6 was correlated with
CXCR4, both of which were highly expressed in NK/T (Supple-
mental Figure 8, C and D). This was not observed in normal/
hyperplastic lymph node controls (Supplemental Figure 8C).
Overall, these findings point to the potential utility of nuclear
enrichment of PFKP as a novel diagnostic marker for aggressive
T cell lymphoma/leukemia.

In summary, these studies demonstrate that PFKP is a nucle-
ocytoplasmic shuttling protein. Nuclear exportation of PFKP
depends on its own NESs and the interaction with CRM1, while
nuclear importation of PFKP relies on its NLS and the interaction
with importin-9. Cyclin D3/CDK6 regulates the nuclear impor-
tation of PFKP by exposing a hidden NLS on the protein surface.
Nuclear PFKP promotes leukemia cell homing/infiltration by
upregulating CXCR4 expression (Figure 8D), and this regulation
is c-Myc dependent. Nuclear PFKP enrichment may have prog-
nostic value for T cell lymphoma/leukemia, as it is only observed
in aggressive T cell malignancy and correlates negatively with sur-
vival rates in patients with T cell malignancies.
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Discussion

Metabolic enzymes are important components of cell metabolic
reactions that provide energy as well as building materials. Gly-
colytic enzymes are normally present in the cytoplasm, catalyzing
glucose oxidation to generate ATP. Recent studies showed that
acetylated PFKP translocates to the plasma membrane to be phos-
phorylated by EGFR. Phosphorylated PFKP interacts with p85a on
the plasma membrane to activate the PI3K pathway (8). Besides
those on the plasma membrane, multiple glycolysis component
enzymes were also documented in the nucleus to perform novel
and significant tumorigenic functions (56). PFKP was found to
function in the regulation of gene transcription in breast cancer
cells via its interaction with the YAP/TAZ transcriptional cofac-
tors TEADs (10). To date, it was not known how PFKP translocates
into the nucleus to perform its function. The results of this study
reveal that PFKP is a nucleocytoplasmic shuttling protein. Nuclear
import of PFKP relies on its NLS and its interaction with impor-
tin-9, while nuclear export of PFKP depends on its NESs’ inter-
action with CRM1. Our experiments revealed that the functional
NLS is located at the interface of dimeric PFKP (Figure 1H), which
in the tetrameric form is normally shielded. This finding suggests
that the dimeric form of PFKP has more nuclear shuttling capa-
bility than the tetrameric form. Indeed, we showed the nuclear
fraction of dimeric PFKP to be greater than the cytoplasmic frac-
tion. Cyclin D3/CDK6 regulates the interaction between PFKP
and importin-9 (Figure 2, E and F), possibly by inducing the for-
mation of dimeric PFKP to expose its functional NLS. Meanwhile,
no significant change in the interaction between PFKP and CRM1
was observed in leukemia cells in which CDK6 was inhibited or
depleted (Figure 2, E and F), nor did CDK6 depletion affect nucle-
ar accumulation of NLS-PFKP. All these results suggest that CDK6
regulates the nuclear import of PFKP, but not its nuclear export
and nuclear retention.

The indispensability of CXCR4 for homing and maintenance
of hematopoietic progenitor cells in stromal cell niches within
the bone marrow microenvironment has been reported (57, 58).
In vivo studies have also shown that CXCR4 induces leukemia
cell homing to the marrow (59, 60). Leukemia is frequently wide-
spread and disseminated at diagnosis. It is still critical to under-
stand the mechanisms of leukemia cell trafficking and homing,
not only to devise means to prevent further bone marrow hom-
ing of the leukemia, but also to provide potential strategies based
on mobilizing leukemia cells from the marrow into the periph-
eral blood where they are more susceptible to other therapies
to overcome drug resistance (61, 62). In addition, extramedul-
lary infiltration leads to the development of leukemic tumors in
non-marrow sites and plays critical roles in leukemia progression
and chemoresistance, as well as extramedullary relapse in ALL
patients (63, 64). Itisimportant to elucidate the mechanisms reg-
ulating leukemia extramedullary infiltration. Our study revealed
a nuclear function of PFKP in promoting T-ALL bone marrow
homing and extramedullary infiltration through upregulating
CXCR4 expression. The glycolytic function of PFKP is to phos-
phorylate fructose 6-phosphate to generate fructose 1,6-biphos-
phate using ATP as a substrate. We found that expression of
the dimeric PFKP mutant, S679E, which has less phosphofruc-
tokinase activity than WT-PFKP, promoted CXCR4 expression.

= [


https://www.jci.org
https://doi.org/10.1172/JCI143119
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd
https://www.jci.org/articles/view/143119#sd

__JCI ¥

RESEARCH ARTICLE

This suggests the kinase activity of PFKP may not be required
for its nuclear function in regulating CXCR4 expression. In this
study, we found that CXCR4 inhibition by antagonists dramat-
ically decreases nuclear PFKP-dependent leukemia homing to
the bone marrow, and also decreases infiltration into the spleen
and liver. CXCR4 inhibition may mobilize leukemia cells from
the marrow to escape into the bloodstream. However, treatment
with CXCR4 antagonists did not significantly increase the per-
centage of circulating leukemia cells in the bloodstream in mice
receiving T-ALL cells (Figures 6C and 7G). CXCL12/CXCR4 sig-
naling plays important roles in leukemia cell survival and prolif-
eration (58, 65). It is possible that the survival and/or prolifera-
tion of leukemia cells in the bloodstream were/was inhibited by
the CXCR4 antagonists, explaining no increase in leukemia cells
in the bloodstream.

The biological functions of CXCR4 are mainly dependent
on its affinity for CXCL12. CXCR4 antagonists targeting the
CXCL12/CXCR4 axis, such as anti-CXCR4 antibodies and low
molecular weight compounds, are well developed (66). Our results
showed significant reduction of leukemia cells homing to the bone
marrow and trafficking to the spleen and liver in mice treated with
the CXCR4 antagonist. Of note, the CXCR4 antagonist treatment
did not completely inhibit the trafficking and homing of leukemia
cells to bone marrow (Figures 6C and 7G). These findings suggest
that blocking the CXCL12/CXCR4 axis may not be sufficient to
completely inhibit the homing and infiltration. A recent study
showed that CXCR4 has CXCL12-independent roles in protecting
acute myeloid leukemia from differentiation (67). CXCL12-in-
dependent function(s) of CXCR4 may also contribute to the leu-
kemia homing and infiltration. PFKP has been shown to interact
with several transcription factors, which suggests PFKP may have
multiple nuclear functions through interacting with various tran-
scription factors to regulate CXCR4-independent leukemia hom-
ing/progression (Supplemental Figure 4G). T-ALL bone marrow
homing and extramedullary infiltration were decreased/inhibited
if nuclear translocation of PFKP was prevented, as shown in leuke-
mia cells expressing PFKP-RXL (Figure 6C). The significance of
nuclear PFKP in promoting leukemia bone marrow homing and
extramedullary infiltration was also reflected in patient-derived
primary T-ALL cells (Figure 7G). These findings suggest that tar-
geting nuclear PFKP or preventing PFKP nuclear translocation has
clinical benefit in curtailing leukemia bone marrow homing and
extramedullary infiltration. Our study demonstrates the mecha-
nisms underlying PFKP shuttling to the nucleus; further studies
are warranted that address means to efficiently block nuclear
translocation of PFKP for therapeutic purposes.

CDKG6 has functions in leukemia cell proliferation and surviv-
al (9). In this study, we found that CDKG6 facilitates PFKP nuclear
translocation to promote leukemia invasion and homing, indicat-
ing that targeting CDK6 may hold promise for treating patients
with T cell malignancies. The proteolysis-targeting chimera-
based (PROTAC-based) CDK6 degrader BSJ-03-123 efficiently
degraded CDK6 to downregulate CXCR4 expression (Figure 4B).
Future translational work using preclinical T cell leukemia mouse
models may be carried out to establish the therapeutic efficacy
of this CDK6 degrader. Alternatively, this study shows that gly-
colysis inhibition by 2-DG reduces PFKP nuclear accumulation
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and CXCR4 expression (Supplemental Figure 6, F and G), which
suggests that glycolysis modulation may function as a regulatory
mechanism in mediating PFKP nuclear translocation, CXCR4
expression, and leukemia bone marrow homing and extramedul-
lary infiltration. Thus, glycolysis inhibition also shows promise as
anovel therapeutic method for patients with T cell leukemia.

Novel prognostic markers and efficient therapeutic strate-
gies are still needed for T cell lymphoma/leukemia (68). Expres-
sion levels of CXCR4 have been reported to have prognostic val-
ue in certain categories of T cell lymphoma/leukemia (69-71).
The current study demonstrates that nuclear PFKP is involved in
T cell leukemia homing and infiltration via upregulating CXCR4.
We showed that primary human T-ALL cells with high nuclear
PFKP levels displayed enhanced expression levels of CXCR4
and cell invasion/homing capabilities. In addition, the analy-
sis of clinical tissue specimens showed that nuclear PFKP was
expressed in T lymphocytes from invasive T cell lymphoma/
leukemia patients, but not in cells of nonmalignant lymph node/
thymus (Figure 8, A and B, and Supplemental Figure 8A). The
presence of nuclear PFKPin T cell lymphoma patients correlated
well with the OS (Figure 8C). Altogether, these results point to
the potential application of nuclear PFKP as a novel prognostic
marker for T cell lymphoma/leukemia.

Methods
Further details of the methods are provided in the supplemental material.

Patient-derived primary cells. Primary human leukemia cells
derived from deidentified T-ALL patients (CBAT-93917, DFAT-24836,
and DFAT-28537) were purchased from PROXE (Public Reposito-
ry of Xenografts, Dana-Farber Cancer Institute [DFCI]) through the
DFCI Center for Patient Derived Models. These leukemia cells were
expanded as primary xenografts (patient-derived xenografts [PDXs])
in immunodeficient NSG mice at very low passages, which are the
most useful source of primary cells (55). In vitro primary human
T-ALL samples were cultured in a-minimum essential media with 1x
GlutaMAX (GIBCO, 32571-036) containing 10% FBS, 10% human
AB serum (MilliporeSigma, H4522), 1% L-glutamine, 1% penicillin/
streptomycin, 1x Insulin-Transferrin-Selenium (GIBCO, 41100-045),
10 ng/mL recombinant mouse IL-7 (Peprotech, 217-17), and 10 ng/mL
recombinant human IL-2 (Peprotech, 200-02).

Invivo experiments. For survival analysis, 8-week-old female immuno-
deficient NOD.Cg-Prkdc<scid>IL2rg<tm1Sug>/JicTac (NOG) mice pur-
chased from Taconic were transplanted i.v. with KOPTK1 cells (2 x 10°)
expressing WT-PFKP, NLS-PFKP, or PFKP-RXL (n = 10 per group). Each
group of mice was unbiasedly subdivided into 2 subgroups (n = 5/sub-
group). Seven days after cell injection, one subgroup received the CXCR4
antagonist (plerixafor, 5 mg/kg) treatment 6 days a week via i.p. injection,
and the other group received drug vehicle (PBS) as a control.

For leukemia homing/infiltration analysis, immunodeficient
mice were randomly assigned to 3 experimental groups receiving 2 x
10° KOPTKI1 cells expressing WT-PFKP (n = 12), NLS-PFKP (1 = 12),
or PFKP-RXL (1 = 10) via tail vein injection. Each group of mice was
unbiasedly subdivided into 2 subgroups (n = 6 for WT- and NLS-PFKP,
n =5 for PFKP-RXL per subgroup): one subgroup received plerixafor (5
mg/kg) treatment 6 days a week via 1.p. injection started on the same
day as leukemia cell injection, and the other subgroup received drug
vehicle (PBS) as a control. Tumor-bearing mice were sacrificed on
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day 24. For experiments with primary T-ALL, DFAT-24836 or DFAT-
28537 cells (1 x 109) were tail vein injected in immunodeficient NSG
mice (n = 10/group). Each group of mice was unbiasedly subdivided
into 2 subgroups (n = 5/subgroup). One subgroup received plerixafor
(5 mg/kg) treatment 6 days a week started on the same day as primary
T-ALL cell injection, and the other subgroup received PBS as a con-
trol. Tumor-bearing mice were sacrificed on day 29. Mouse peripher-
al blood/bone marrow (from femurs)/spleen/liver was collected to
analyze the presence of leukemia (flow cytometry analysis gated on
human CD45" cells). Red blood cells were lysed using 1x lysis buf-
fer (BD Biosciences, 555899). The remaining cells were stained with
anti-human CD45 antibody (BioLegend, 304032). For tumor-bearing
mice implanted with KOPTK1 cells, a portion of the collected tissues
(spleen, liver, femurs) from individual mice was fixed in formaldehyde
for 24 hours, and femurs were decalcified in 9% formic acid for an
additional 2 days followed by paraffin embedding. Anti-human CD45
antibody (1:100 dilution) was applied to detect human leukemia cells
for IHC staining. No animals were excluded from the analysis. The
investigators were not blinded to group allocation.

Cell invasion assay. Each Transwell of a 24-well Transwell-insert-
ed plate (Boyden chamber) was coated with 50 pL Matrigel (Thermo
Fisher Scientific, CB-40234) diluted 1:2 or 1:4 in RPMI 1640 medi-
um supplemented with 2% FBS at 37°C for 30 minutes. Cells (5 x 10°
to 10 x 10%) suspended in 100 uL RPMI 1640 with 2% FBS without
human CXCL12 were seeded onto the upper chambers of the 24-well
Transwell-inserted plate (5 pm polycarbonate membrane, Corning,
CLS3421). RPMI 1640 medium (600 pL) supplemented with 2% FBS
and 100 ng/mL human CXCL12 was added to the bottom chamber
of the Transwell plates. RPMI 1640 medium supplemented with 2%
FBS without human CXCL12 added to the bottom chamber was used
as a control. The invasion assay ran for 8 to 24 hours, at which point
the invading cells in the bottom chamber were collected and counted.

Statistics. Group comparisons were performed using 2-sample ¢
tests. A P value of less than 0.05 was considered statistically signifi-
cant, and P greater than 0.05 not significant (NS). Multivariate Cox
regression analysis was performed to search for independent risk fac-
tors (including age, sex, stage, and nuclear PFKP staining) for OS in
patients with AITL using the “survival” package in version 4.0.3 of R
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software (https://www.r-project.org/). Correlations between nuclear
PFKP expression levels and clinicopathological features in patients
with AITL were calculated and evaluated by the y? test with SPSS soft-
ware (IBM) (n>40).

Study approval. All mouse experiments were carried out according to
protocols approved by the Institutional Animal Care and Use Committee
of the Medical University of South Carolina. The human specimens used
in this study were approved by the Ethics Committee of Tongji Medical
College, Huazhong University of Science and Technology, and signed
informed consent was obtained from all patients’ families.
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