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Lactate dehydrogenase A (LDHA) is a glycolytic enzyme catalysing the
reversible conversion of pyruvate to lactate. It has been implicated as a
substrate for PIM kinases, yet the relevant target sites and functional con-
sequences of phosphorylation have remained unknown. Here, we show that
all three PIM family members can phosphorylate LDHA at serine 161.
When we investigated the physiological consequences of this phosphoryla-
tion in PC3 prostate cancer and MCF7 breast cancer cells, we noticed that
it suppressed ubiquitin-mediated degradation of nuclear LDHA and pro-
moted interactions between LDHA and 14-3-3 proteins. By contrast, in
CRISPR/Cas9-edited knock-out cells lacking all three PIM family mem-
bers, ubiquitination of nuclear LDHA was dramatically increased followed
by its decreased expression. Our data suggest that PIM kinases support
nuclear LDHA expression and activities by promoting phosphorylation-
dependent interactions of LDHA with 14-3-3¢, which shields nuclear

LDHA from ubiquitin-mediated degradation.

Introduction

PIM kinases are a family of serine—threonine kinases
with three highly homologous family members (PIM1,
PIM2 and PIM3) that are often over-expressed in
haematological or solid tumours [1-3] and that con-
tribute to tumorigenesis there [4-6]. The PIM kinases
are constitutively active [7] and regulate cell survival,
motility, proliferation and metabolism by phosphory-
lating a wide range of substrates including BAD [§],
NFATCI1 [9], NOTCHI1 [10], NOTCH3 [11], CAPZ
[12] and LKBI [13]. Knocking out all three members
of the PIM family results in LKB1-dependent AMPK
activation [13,14], increased production of reactive
oxygen species as well as altered expression of several
metabolic enzymes involved in glycolysis, pentose
phosphate pathway or oxidative phosphorylation
[15,16]. There is also increasing evidence on the ability
of PIM kinases to directly phosphorylate metabolic

Abbreviations

enzymes, such as lactate dehydrogenase (LDH) [17],
enolase [12,17], pyruvate kinase M2 [18], hexokinase 2
[19] and hypoxia-inducible factor 1 [20]. Furthermore,
we have previously identified LDH as a putative
PIM I-interacting protein in a yeast two-hybrid screen
[21]. However, the exact PIM target site(s) in LDH
and the functional consequences of PIM-dependent
phosphorylation have remained unknown.

Lactate dehydrogenase is a tetrameric enzyme that
catalyses the inter-conversion of pyruvate to lactate
and NADH to NAD", enabling sustained glycolysis
through NAD™ regeneration [22]. It also catalyses
the conversion of a-ketobutyrate (o-KB) to o-
hydroxybutyrate (a-HB) with the expense of NADH
to NAD" [23]. The homo- or heterotetrameric LDH
complex is composed of protein products encoded by
two different genes: LDHA and LDHB. LDHA is also

KO, knock-out; LDH, lactate dehydrogenase; NAD, nicotinamide adenine dinucleotide; PLA, proximity ligation assay; pSer, phosphoserine;
SA, serine (S)-to-alanine (A) phosphomutant; TKO, triple knock-out; Ub, ubiquitin; WT, wild-type; aHB, a-hydroxybutyrate; aKB,

o-ketobutyrate.
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PIM kinases regulate nuclear LDHA activities

called the M isoform, as it is the dominant isoform
found in skeletal muscle, while LDHB is called the H
isoform and is predominantly found in the heart [24].
Over-expression of LDHA is observed in various can-
cers [22,25,26], where it contributes to resistance to-
wards chemotherapies [27,28]. Upregulation of LDHB
is found in aggressive basal-like and triple-negative
breast cancers [29,30]. However, in several cases,
silencing of LDHB expression via promoter methyla-
tion is also observed [22].

Cellular activities of LDHA are heavily regulated by
post-translational modifications. Acetylation of LDHA
at K5 residue promotes LDHA degradation via autop-
hagy through interaction with HSC70 [31]. On the
contrary, succinylation of LDHA at K222 decreases its
lysosomal degradation [32]. FGFRI1 increases LDHA
enzymatic activities through phosphorylation of Y10
and Y83, promoting the formation of active LDHA
tetramers and increasing the binding of the NADH
substrate, respectively [33]. In addition, both HER2
and SRC phosphorylate LDHA at Y10 and thereby
contribute to the metastatic potential of tumours [34].

Lactate dehydrogenase A has been suggested to be
protected by 14-3-3 proteins from ubiquitin-dependent
degradation [35]. The 14-3-3 protein family consists of
seven isoforms (B, v, € M, o, T and {) that interact
with phosphorylated proteins and subsequently modu-
late cellular signalling [36-38]. For example, PIM-
dependent phosphorylation of BAD prevents its pro-
apoptotic effects as it becomes sequestered by 14-3-3
[8,39]. In this study, we analysed phosphorylation of
LDHA in more detail and identified Serl61 as the
major target site for PIM kinases. We also observed
that PIM-induced phosphorylation of LDHA is essen-
tial for its interaction with 14-3-3 and for its protec-
tion from ubiquitination. By contrast, knocking out all
three PIM kinase members by CRISPR/Cas9-based
editing increased ubiquitination and decreased nuclear
LDHA expression in both PC3 prostate and MCF7
breast cancer cells. All these data suggest that nuclear
LDHA expression is modulated by activities of both
the PIM and 14-3-3¢ proteins.

Results

Nuclear LDHA expression and activities are
decreased in the absence of PIM kinases

As we and others had previously reported that PIM
kinases bind to LDHA and phosphorylate it in vitro
[17,21], we wanted to investigate the putative physio-
logical effects of PIM kinases on LDHA expression or
activity in a cellular context. For this purpose, we
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used both PC3 prostate and MCF7 breast cancer cells
as well as their derivatives, from which we had
knocked out the expression of all three PIM family
members by CRISPR/Cas9 genomic editing [13]. For
both cell lines, we had established two independent
triple knock-out clones (TKO#1 and TKO#2) that
provide useful models to study PIM-dependent cellu-
lar functions.

When we analysed LDHA protein and mRNA
expression levels by western blotting and quantitative
PCR, respectively, we did not observe any statistically
significant differences between whole-cell lysates of
wild-type (WT) and TKO clones of either PC3 or
MCF7 cells (Fig. 1A). However, when we performed
subcellular fractionations to separate whole-cell lysates
into cytosolic and nuclear fractions, significant differ-
ences in expression of nuclear LDHA were observed in
both PC3 and MCF7 cells (Fig. 1B). There LDHA
protein expression was consistently decreased in the
nuclear, but not cytosolic fractions of TKO clones as
compared to WT cells.

We then analysed the activity of LDHA by measur-
ing its abilities to convert pyruvate to lactate as well
as o-ketobutyrate (¢KB) to a-hydroxybutyrate (aHB)
with the exchange of NADH to NAD" (Fig. 2A). In
line with the protein expression levels, we did not
observe any statistically significant changes in either
lactate or aHB production between whole-cell lysates
of WT and TKO clones (Fig. 2A). By contrast, when
we compared LDHA activities between cytosolic and
nuclear fractions, we detected dramatically decreased
LDHA activities in terms of production of lactate and
oHB in nuclear, but not cytoplasmic fractions of TKO
clones as compared to WT cells (Fig. 2B). The cytoso-
lic LDHA activities were on average 25- to 50-fold
higher than those of nuclear fractions, which corre-
lated well with the observations that prolonged expo-
sures were required to detect LDHA protein in nuclear
fractions (Fig. 1C). Therefore, due to the overwhelm-
ing amount of LDHA present in cytosolic fractions
compared to nuclear fractions, it was evident that
examination of whole-cell lysates did not enable detec-
tion of any nuclear-level changes in LDHA activity.
Ultimately, the aforementioned results indicate that
both expression and activity of nuclear LDHA are
reduced in PIM-deficient cells.

PIM kinases phosphorylate LDHA at serine 161
residue

Having observed PIM-dependent physiological effects
on LDHA activities, we proceeded to examine cellular
interactions between PIM kinases and LDHA in more
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Fig. 1. Inactivation of PIM kinases decreases nuclear LDHA expression. (A) LDHA and PIM protein expression levels were examined by
western blotting from wild-type (WT) PC3 and MCF7 cells and their triple knock-out (TKO#1 and TKO#2) derivatives lacking all three PIM
kinases, while LDHA mRNA expression levels were measured by quantitative PCR. (B) Cytosolic and nuclear LDHA protein expression levels
were similarly analysed. B-tubulin and lamin A/C were used as markers for the cytosolic and nuclear fractions, respectively. Shown are repre-
sentative images as well as bar charts with relative expression levels of LDHA in TKO cells as compared to WT cells (average values + SD,
n = 3). Student’s t-test was used to determine the statistical significance. Significant differences (P < 0.05 and P < 0.01) were marked with
* and **, respectively; ns refers to no significance. Error bars represent standard deviations.
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Fig. 2. Inactivation of PIM kinases decreases nuclear LDHA activities. (A) Cellular LDHA activities corresponding to the rate of conversion
from pyruvate to lactate or from a-ketobutyrate (aKB) to a-hydroxybutyrate (aHB) were measured from cell lysates of PC3 or MCF7 WT and
TKO cells. Results were normalized with total protein and plotted as bar charts with relative activities of TKO cells as compared to WT cells
(average values + SD, n = 3). (B) Bar charts with relative cytosolic and nuclear LDHA activities in TKO cells as compared to WT cells (aver-
age values + SD, n = 3). Student’s t-test was used to determine the statistical significance. Significant differences (P < 0.05 and P < 0.01)
were marked with * and **, respectively; ns refers to no significance. Error bars represent standard deviations.

detail. Using both proximity ligation assays (Fig. 3A)
and co-immunoprecipitation experiments (Fig. 3B,C)
with PC3 cell samples, we demonstrated that endoge-
nously expressed PIM1 and LDHA physically interact
with each other in WT, but not TKO cells. Moreover,
we observed that serine phosphorylation levels of
immunoprecipitated LDHA were significantly lower in
TKO clones of both PC3 and MCF7 cells as compared
to WT cells (Fig. 3D), suggesting that the serine/
threonine-specific PIM kinases phosphorylate LDHA
within cells. To confirm this conclusion, we performed
radioactive in vitro kinase assays with PIM and LDHA
proteins. For this purpose, both types of proteins were
produced in bacteria as fusions with glutathione S-
transferase (GST), but the GST-tag was later removed
from LDHA. The results of the kinase assays indicated
that all three PIM kinases are capable of phosphory-
lating LDHA in vitro, while LDHA does not
autophosphorylate itself (Fig. 3E).

To reveal the PIM target sites, we performed in-gel
digestion of in vitro phosphorylated LDHA followed
by mass spectrometry analysis. Based on this analysis,
serine residues 79, 105 and 161 were identified as
potential PIM target sites on LDHA. In addition, in
silico analysis of LDHA indicated that the amino acid
sequence around serine 319 (LKKSA) aligns relatively

well with the PIM1-targeted consensus sequence (K/R-
K/R-R-K/R-L-S/T-a; a = a small = 0 chain amino
acid) [40]. Therefore, we used site-directed mutagenesis
to change the four putative PIM-targeted serine resi-
dues to alanines. Radioactive kinase assays with
phospho-deficient mutants revealed that S161 and
S319 are the major in vitro target sites for PIM1 on
LDHA (Fig. 3F).

Next, we pursued verifying the PIM target sites
on LDHA within cells. For this purpose, PC3 WT
and TKO#1 cells were transfected with plasmids
expressing either WT LDHA tagged with the green
fluorescent protein (GFP), or one of the correspond-
ing phospho-deficient mutants, SI61A or S319A.
When cell lysates were immunoprecipitated with
GFP antibodies and immunoblotted with phospho-
serine antibodies, there was a significant decrease in
the level of LDHA phosphorylation in TKO cells as
compared to WT cells (Fig. 3G). By contrast, the
S161A mutation reduced the phosphorylation level
of LDHA also in WT cells close to that observed in
TKO cells, while the S319A mutation was less effec-
tive. Thus, by combining both in vitro and cellular
data, it can be concluded that S161 is the major
physiologically relevant PIM phosphorylation site on
LDHA.
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PIM-induced phosphorylation of LDHA
suppresses its ubiquitination

While searching for the mechanism to explain the lower
nuclear expression levels of LDHA in TKO cells as com-
pared to WT cells, we noticed that LDHA was abnor-
mally highly ubiquitinated in TKO clones. This was
consistently observed in PC3-derived cells transiently
over-expressing HA-tagged ubiquitin when either
endogenous LDHA (Fig. 4A) or co-over-expressed
FLAG-tagged LDHA protein (Fig. 4B) was immuno-
precipitated and stained with HA, LDHA or FLAG
antibodies. The results from subcellular fractionation
experiments with TKO cells based on PC3 or MCF7
(Fig. 4C) indicated that the ubiquitinated LDHA was
predominantly localized in the nuclear fraction. The
nuclear ubiquitination was suppressed by transient
over-expression of His-tagged PIM1 (Fig. 4D), confirm-
ing the protective role of PIM kinases there. Further-
more, mutation of the PIM-targeted serine 161 of
LDHA into alanine was sufficient to induce nuclear
LDHA ubiquitination in PC3 WT cells, while the corre-
sponding mutation of serine 319 had no major effects
(Fig. 4E). These data suggest that S161 is the key site
for PIM-dependent protection of LDHA from nuclear
ubiquitination. In addition, subcellular fractionation
experiments confirmed that the ubiquitination triggered
by the S161A mutation in WT cells was enriched in the
nuclear fraction, similar to what was seen with WT
LDHA in TKO clones (Fig. 4F).

Next, we immunoprecipitated FLAG-tagged LDHA
from PC3 WT and TKO cells and blotted the samples
with antibodies against the K48-specific polyubiquitin
chains, which are known to be associated with protea-
somal degradation [41]. While K48 ubiquitin was also
observed in WT cells, its conjugation to LDHA was
strongly enhanced in TKO cells (Fig. 4G) as well as in
WT cells expressing the S161A mutant of FLAG-
tagged LDHA (Fig. 4H), suggesting that phosphoryla-
tion of LDHA at serine 161 suppresses its K48-linked
polyubiquitination.

To determine, whether a lack of PIM-dependent
phosphorylation affected LDHA protein conformation
and thereby increased its susceptibility to ubiquitina-
tion, we performed protein crosslinking assays with
glutaraldehyde. However, we did not observe any sig-
nificant differences in the amounts of endogenously
expressed LDHA monomers, dimers or tetramers
between PC3 WT and TKO cells (Fig. 41), or between
ectopically expressed flag-tagged WT LDHA and the
S161A mutant (Fig. 4J). Thus, the observed effects on
ubiquitination cannot be explained by differences in
LDHA protein folding and oligomerization.

PIM kinases regulate nuclear LDHA activities

14-3-3 proteins are also essential for the
suppression of LDHA ubiquitination

As 14-3-3 proteins had recently been reported to sup-
press LDHA ubiquitination [35], this prompted us to
investigate interactions between LDHA and 14-3-3 pro-
teins in WT and TKO clones. Performing proximity
ligation assays with PC3 cell samples together with
LDHA and pan-14-3-3 antibodies, we demonstrated
that endogenously expressed LDHA and 14-3-3 pro-
teins physically interact with each other in WT cells,
but not in PIM TKO clones (Fig. 5A). Also, in co-
immunoprecipitation experiments with PC3 or MCF7
cell samples, much less LDHA was pulled down
together with 14-3-3 proteins in TKO clones as com-
pared to WT cells (Fig. 5B). These data suggest that
PIM-dependent phosphorylation of LDHA is required
to maintain interactions between LDHA and 14-3-3
proteins. More specifically, we observed that transiently
over-expressed FLAG-tagged WT LDHA bound
strongly with HA-tagged 14-3-3¢ in WT PC3 cells, but
not in TKO cells, while the S161A mutation in LDHA
decreased the interaction also in WT cells (Fig. 5C).
Furthermore, we observed that transient over-
expression of 14-3-3¢ partially suppressed LDHA ubiq-
uitination in PC3 TKO cells (Fig. 5D), resulting in
slightly increased nuclear expression of LDHA
(Fig. SE). These effects may be explained by our obser-
vations, according to which there was some residual
binding between LDHA and endogenously or ectopi-
cally expressed 14-3-3 proteins also in the absence of
LDHA phosphorylation (Fig. 5B,C). Yet, the striking
differences between phosphorylated and non-
phosphorylated samples indicate that PIM-induced
phosphorylation of LDHA at S161 is vital for the
interaction between LDHA and 14-3-3¢ proteins and
thereby for the ability of 14-3-3 proteins to protect
nuclear LDHA from ubiquitin-mediated degradation.

Discussion

Despite several reports on the presence of LDHA in
the nucleus [23,25,28,42-44], it has conventionally been
depicted as a cytosolic enzyme. Notably, immunohisto-
chemistry stainings have revealed both cytoplasmic
and nuclear LDHA expression in lung cancer cells
[25,28]. In addition, transmission electron microscopy
experiments have confirmed the existence of LDHA in
the nucleus of Hela cells [44]. Here, we have observed
that LDHA is expressed in both cytosolic and nuclear
fractions of PC3 prostate and MCF7 breast cancer
cells. However, the majority of LDHA proteins and
their activities are located in cytosolic fractions, which
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is in agreement with previous observations, e.g. from serine and tyrosine residues [42,43]. While the func-
PC12 cells [43]. So far, there are at least two indepen- tional consequences of tyrosine phosphorylation of
dent reports on the phosphorylation of LDHA at both LDHA have been actively explored [33,34], studies on
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Fig. 3. PIM kinases interact with LDHA inside cells and phosphorylate it at Ser161. (A) Proximity ligation assays (PLA) were performed to
demonstrate physical interactions between endogenously expressed PIM1 and LDHA proteins in WT, but not PIM-deficient (TKO#1 and
TKO#2) PC3 cells. Shown are representative images and quantification from PLA assays with anti-PIM1 and anti-LDHA antibodies (Scale
bar = 5 um). For immunoprecipitation analyses, PC3 WT and TKO cell lysates were immunoprecipitated and the blotted samples were
stained with indicated antibodies. Ten per cent of each cell lysate had been set aside and stained with indicated antibodies to control for
the input amounts of proteins. (B) Co-IP of endogenous LDHA protein with IgG or PIM1 antibodies in WT cells. (C) Co-IP of endogenous
PIM1 with LDHA antibodies in WT or TKO cells. (D) Relative serine phosphorylation levels of LDHA in TKO cells as compared to WT cells.
Shown are representative images as well as bar charts (average values + SD, n = 3). (E) Radioactive in vitro kinase assays were performed
by incubating GST-PIMs and/or LDHA in the presence of 32P-ATP. Phosphorylated proteins were visualized by autoradiography (upper panel)
and protein loading by Page Blue staining (lower panel). Shown is a representative image out of two repeated experiments. (F) Radioactive
in vitro kinase assays were performed by incubating GST-PIM1 with different LDHA mutants (S79A, S105A, S161A and S319A). (G) PC3
WT and TKO cells were transiently transfected with plasmids expressing GFP-LDHA (WT, S161A or S319). After 24 h, cell lysates were
immunoprecipitated with GFP antibodies and blotted samples were stained with indicated antibodies. Shown are representative images as
well as bar charts with relative serine phosphorylation levels of LDHA in TKO cells as compared to WT cells (average values &+ SD, n = 3).
Student’s t-test was used to determine the statistical significance. Significant differences (P < 0.05 and P < 0.01) were marked with * and

** respectively; ns refers to no significance. Error bars represent standard deviations.

serine phosphorylation are lagging behind. In this
report, we have focused on PIM-dependent serine
phosphorylation of LDHA and identified serine 161 as
the major physiologically relevant PIM target site. In
high-throughput phosphoproteomic analyses, this site
has been found to be phosphorylated under in vivo
conditions, but the regulatory kinases and the func-
tional consequences have remained unknown [45].
However, here we revealed two important roles for
this phosphorylation, as according to our data it sup-
ports interactions between LDHA and 14-3-3¢ and
thereby protects nuclear LDHA from undergoing K48-
mediated ubiquitination and subsequent degradation.
Lactate dehydrogenase A ubiquitination has been
observed in AGS gastric cancer cells [32], PLC liver
cancer cells exposed to MGI132 treatment [35], L6
muscle and COS7 kidney cells exposed to oxidative
stress as well as skeletal muscles of rats taken to space-
flights [46]. Here, we show that K48-mediated ubiquiti-
nation of LDHA occurs predominantly in the nuclear
fractions of both PC3 and MCF7 knock-out cells lack-
ing expression and activity of PIM kinases. It has been
reported that shRNA knockdown of 14-3-3( in
HEK?293T cells results in robust LDHA ubiquitina-
tion, while binding between 14-3-3 proteins and
LDHA protects it from ubiquitination [35]. Even more
interestingly to us, binding between LDHA and 14-3-
3¢ was shown to depend on the phosphorylation status
of LDHA, but the critical LDHA phosphorylation site
(s) and corresponding upstream kinase(s) remained
unknown. Here, we show that the interaction between
LDHA and 14-3-3¢ proteins is strictly regulated by
PIM-dependent phosphorylation of S161 on LDHA.
Although over-expressed 14-3-3¢ partially suppresses
LDHA ubiquitination, it cannot fully restore nuclear
LDHA expression in PIM-deficient cells, most likely
due to its remarkably reduced capacity to bind to

unphosphorylated LDHA. While our study was ongo-
ing, a multi-subunit complex of E3 ligases was
reported to be involved in the ubiquitination of
LDHA [47]. Given the existence of examples on 14-3-3
proteins suppressing ubiquitination by shielding bind-
ing of E3 ubiquitin ligases to their substrates [48], it
would be of interest to determine whether the E3
ligase complex is involved in the nuclear LDHA ubiq-
uitination observed in PIM-deficient cells. Ultimately,
all these data suggest that the expression and activities
of both PIM kinases and 14-3-3¢ proteins are involved
in the regulation of nuclear LDHA expression, while
further studies are required to examine the possibilities
of the involvement of other 14-3-3 isoforms.

In line with the ubiquitination pattern, knocking out
all three PIM family members in PC3 and MCF7 cells
resulted in decreased nuclear LDHA expression, but
no appreciable changes in cytosolic LDHA expression.
Even though only a minority of cellular LDHA pro-
teins reside in the nucleus, several important roles for
nuclear LDHA have been proposed. For example, it
serves as a transcription factor to support histone H2B
expression in S-phase [49,50]. In addition, the o-HB
metabolite generated by nuclear LDHA promotes the
upregulation of H3K79 trimethylation as well as the
expression of antioxidant and Wnt target genes [23].
Recently, it has also been found that lactate serves as
a substrate for histone lysine lactylation [51], and that
elevated histone lactylation levels are associated with
poor survival of cancer patients [52]. While increased
amounts of exogenous glucose or lactate eventually
lead to increased histone lactylation levels [51], mice
with enforced nuclear LDHA expression display larger
tumour volumes than mice with enforced cytoplasmic
LDHA expression, suggesting a tumour-promotive role
for nuclear LDHA [23]. Conversely, inhibition of PIM
kinases decreases nuclear LDHA expression and also
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Fig. 4. PIM-induced phosphorylation of LDHA protects it from ubiquitination. PC3 or MCF7 WT and TKO cells were transiently transfected
with indicated plasmids expressing HA ubiquitin, WT or mutant FLAG-tagged LDHA, His-tag and/or His-tagged PIM1. After 24 h, cell lysates
were immunoprecipitated (IP) and blotted samples were stained with indicated antibodies. Ten per cent of each cell lysate had been set
aside and stained with indicated antibodies to control for the input amounts of proteins. Shown are co-IPs of HA ubiquitin with (A) endoge-
nously expressed LDHA, (B) ectopically expressed FLAG-LDHA (n = 3), (C) FLAG-LDHA from cytosolic (Cy) and nuclear (Nu) fractions
(n = 3), (D) FLAG-LDHA from His- or His-PIM1-expressing fractionated cells, (E) FLAG- LDHA (WT, S161A or S319A) (n = 2) and (F) FLAG-
LDHA (WT, S161A) from fractionated cells (n = 2). Presence of K48-specific polyubiquitin chains was similarly analysed from co-IPs with (G)
FLAG-LDHA (n = 3) (H) or FLAG-LDHA (WT or S161A) (n = 2). The oligomerization status of LDHA was analysed by crosslinking assays with
glutaraldehyde from (I) WT and TKO cells or (J) from WT cells expressing FLAG-tagged LDHA (WT or S161A).
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Fig. 5. PIM-induced phosphorylation of LDHA is essential for its interaction with 14-3-3¢. (A) Proximity ligation assays (PLA) were performed
to demonstrate the physical interactions between endogenously expressed LDHA and 14-3-3 proteins in WT, but not PIM-deficient (TKO#1
and TKO#2) PC3 cells. Shown are representative images and quantification from PLA assays with anti-LDHA and anti-pan-14-3-3 antibodies
(Scale bar = 5 um). For additional interaction studies, PC3 WT and TKO cells were used as such or transiently transfected with indicated
plasmids expressing WT or mutant FLAG-tagged LDHA, HA tag, HA-tagged 14-3-3¢ and/or HA ubiquitin. After 24 h, cell lysates were
immunoprecipitated (IP) and blotted samples stained with indicated antibodies. Ten per cent of each cell lysate had been set aside and
stained with indicated antibodies to control for the input amounts of proteins. (B) Co-IP of endogenous LDHA with endogenous 14-3-3 pro-
teins (n = 3). (C) Co-IP of HA-14-3-3 & with FLAG-LDHA (WT or S161A). (D) Co-IP of HA ubiquitin with FLAG-LDHA (n = 3). (E) LDHA expres-
sion in whole-cell lysates or cytosolic and nuclear fractions of WT and TKO#1 cells. Shown are representative images of western blots as
well as bar charts with relative LDHA expression of each fraction as compared to mock-transfected cells (average values + SD, n = 3). Stu-
dent’s t-test was used to determine the statistical significance. Significant differences (P < 0.05 and P < 0.01) were marked with * and **,
respectively; ns refers to no significance. Error bars represent standard deviations.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 9
Federation of European Biochemical Societies.



PIM kinases regulate nuclear LDHA activities

decreases tumour size in tumour-bearing mice [2,53].
Thus, in future studies, it would be of interest to dis-
sect the impact of PIM inhibition on LDHA nuclear
activities, such as histone methylation and histone
lactylation, as such studies may help to establish a
rationale for targeting nuclear LDHA as a novel thera-
peutic option for patients.

Materials and methods

Cell culture reagents and DNA constructs

MCF7 breast cancer and PC3 prostate cancer cells were
obtained from American Type Culture Collection (Manas-
sas, VA, USA), and were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) and RPMI-1640 medium (Sigma-
Aldrich, St. Louis, MI, USA) respectively. Both media were
supplemented with L-glutamine, 10% fetal bovine serum and
antibiotics. MEM Non-Essential Amino Acids (Gibco,
#11140050; Thermo Fisher Scientific, Waltham, MA, USA)
and Sodium Pyruvate (Gibco, #11360070; Thermo Fisher
Scientific) were further added to RPMI-1640-based medium
for PC3 cells to facilitate cell growth. FuGENE® HD Trans-
fection Reagent (Promega, Madison, WI, USA) was used for
plasmid transfections according to the manufacturer’s proto-
col. The use of CRISPR/Cas9-based genome editing to pre-
pare knock-out derivatives of MCF7 and PC3 cells lacking
all three members in the PIM family has previously been
described [13]. Eukaryotic and bacterial vectors
pcDNA™3.1/V5-His-C and pGEX-6P-1 for expression of
wild-type (WT) human PIM kinases have been described pre-
viously [10]. Expression vectors pcDNA3-HA-14-3-3¢
(Addgene Europe, Teddington, UK, #13272) and HA ubiq-
uitin (Addgene Europe, #18712) were kind gifts from Cecilia
Sahlgren (/D\bo Akademi University, Finland) and Jukka
Westermarck (University of Turku, Finland) respectively.
Human LDHA was cloned into pGEX-6P-1 (GE Healthcare
Life Sciences, Little Chalfont, UK), pFLAG-CMV2
(#E7033, Sigma-Aldrich) and pEGFP-C2 vectors (Clontech
Laboratories Inc., Takara Bio USA, San Jose, CA, USA).
Site-directed mutagenesis of LDHA was performed using
Ultra Pfu DNA Polymerase (Stratagene, San Diego, CA,
USA) according to the manufacturer’s protocol. The primers
used are described in Table S1.

Expression of GST-tagged or His-tagged fusion
proteins in Escherichia coli

pGEX-6P-1 plasmids (expressing GST-PIMs and GST-
LDHASs) were transformed into BL21 E. coli strain for pro-
tein production. Overnight bacterial cultures were grown at
30 °C until ODggy of 0.6. Isopropyl-B-p-galactosidase
(250 pum; Sigma-Aldrich) was added to induce protein
expression, and the cells were cultured for another 4 h

K. L. Mung et al.

(GST-PIMs) or 24 h (GST-LDHAs). For some of the
experiments as indicated, the GST tag was removed using
the Pierce™ HRYV 3C Protease Solution Kit (Thermo Scien-
tific 88947) according to the manufacturer’s protocol. The
following purification steps of GST-tagged proteins have
been described previously [12].

Western blotting

Cells were lysed for 10 min in ice-cold 50 mm Tris-HCI, pH
8.0, buffer containing 150 mm NaCl, 2 mm EDTA, 1% NP-
40, 5 mm NaF, | mM Na;VO,, 1 mm PMSF, 2 pg-mL~! leu-
peptin, aprotinin, pepstatin A, S mm NEM, 5 mm chloroac-
etamide and Mini EDTA-free protease inhibitor tablet
(Roche, Basel, Switzerland). Cell lysates were sonicated for
1 min and supernatants were collected after 5 min of cen-
trifugation at 21 000 x g. Protein concentrations were deter-
mined using the Bio-Rad Protein Assay Dye Reagent or
Pierce™ BCA Protein Assay Kit according to manufacturers’
protocols. Protein aliquots (20-90 ng) were separated by
10% SDS/PAGE and transferred onto a PVDF membrane
(Millipore, Burlington, MA, USA). The membranes were
incubated overnight at +4 °C with primary antibodies
(Table S2). Secondary antibody staining (1 : 5000) was per-
formed for 1 h at RT with HRP-linked goat anti-mouse IgG
#7076 or goat anti-rabbit IgG #7074 antibodies (Cell Sig-
nalling Technology, Beverly, MA, USA).

For immunoprecipitation experiments with ubiquitin,
SDS concentration in the lysis buffer was adjusted to 1%
prior to sonication. After sonication, the lysates were
diluted to 0.1% SDS before loading onto the agarose
beads. For immunoprecipitation of endogenous proteins,
antibodies were incubated with protein G agarose (Thermo
Scientific #20398) overnight at +4 °C, washed twice with
lysis buffer and incubated with protein lysates. For
immunoprecipitation of Flag-tagged proteins, 0.2-1 mg ali-
quots of protein lysates were incubated with 10 pL of anti-
Flag® M2 affinity agarose gel (#A2220, Sigma-Aldrich).
After 1 h incubation with rotation at +4 °C, the agarose
gel was washed three times with the lysis buffer. Samples
were prepared for western blotting by adding 2x Laemmli
sample buffer directly to the agarose gel and by heating the
samples for 10 min at +95 °C prior to gel loading. Chemi-
luminescence was detected by Bio-Rad Clarity or Clarity
Max ECL western blotting substrates. Results were visual-
ized with the ChemiDoc™ MP Imaging System and anal-
ysed with IMAGE LAB software Version 5.2.1 (Bio-Rad
Laboratories, Inc., Hercules, CA, USA).

cDNA synthesis and quantitative RT-PCR

Cells were lysed directly with TRIzol™ Reagent (Thermo
Fisher) and RNA samples were extracted according to the
manufacturer’s protocol. Prior to cDNA synthesis, samples
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were treated with RNase-free DNase 1 (Thermo Scientific
ENO0521) to ensure the complete absence of DNA. cDNA
was synthesized from 1 ug RNA using RevertAid First
Strand c¢cDNA Synthesis Kit (Thermo Scientific K1622)
according to the manufacturer’s protocol. Quantitative RT-
PCR was carried out in Mic qPCR Cycler (Bio Molecular
Systems) with GoTaq® qPCR Master Mix (Promega)
according to the manufacturer’s protocol. The primers were
synthesized by Integrated DNA Technologies (Table S3).
The fold change of gene expression was normalized with
ACTB and calculated using the 2724€T method [54].

Nuclear/Cytoplasmic fractionation

Nearly confluent cells (~ 80% confluence) were collected
from 10 cm plates by scraping them into 1 mL aliquots of
PBS. After 10 s centrifugation at 21 000 x g, supernatants
were discarded and the pellets were lysed for 15 min in
500 pL of lysis buffer: 10 mm Tris—-HCI, pH 7.5, 10 mm
NaCl, 3 mm MgCl,, 0.5% Nonidet P-40, 5 mm NaF, 1 mm
PMSF, 2 ugmL~! leupeptin, aprotinin and pepstatin A,
5 mMm NEM, 5 mm chloroacetamide and mini-EDTA-free
protease inhibitor tablet. After centrifugation at 500 x g for
5 min at +4 °C, the supernatants contained the cytoplasmic
compartments, while the nuclei were in the pellets. The pel-
lets were washed three times with 500 pL lysis buffer and
centrifuged each time at 500 x g for 5 min at +4 °C, after
which they were suspended in 200 pL of lysis buffer and son-
icated for 30 s. After additional centrifugation at 500 x g for
1 min, the supernatants were collected which contained
nuclear fractions. The cytoplasm-containing solutions were
centrifuged at 12 000 x g for 15 min at +4 °C, after which
the supernatant was collected. Lamin A/C or Lamin A and
beta-tubulin were used as nuclear and cytosolic markers,
respectively, to evaluate fractionation efficiency.

In vitro kinase assays and mass spectrometry of
phosphorylated substrates

The procedure for performing radioactive in vitro kinase
assays has previously been described [55]. Briefly, 0.5-
2.0 pg of PIM kinases and their substrates were used in
each reaction. Samples were separated by SDS/PAGE and
stained with Page Blue™ protein staining solution (#24620,
Thermo Fisher Scientific). Band intensities were quantitated
by the IMAGE LAB software Version 5.2.1 (Bio-Rad). For
mass spectrometry analyses of phosphorylated substrates,
additional in vitro kinase assays were performed similarly
but with the use of non-radioactive ATP. Protein bands
were visualized by ProQ® Diamond Phosphoprotein Gel
Stain (Thermo Fisher Scientific) after SDS/PAGE. In-gel
digestion of proteins with trypsin, liquid chromatography—
electrospray ionization-tandem mass spectrometry (LC-
ESI-MS/MS) with phosphopeptide enrichment and data
analysis have been previously described [56,57].

PIM kinases regulate nuclear LDHA activities

Enzymatic assays

Lactate dehydrogenase enzyme activities were measured as
previously described [23] but with slight modifications. Cells
were lysed in nuclear/cytoplasmic fractionation buffer and
separated into whole cell lysate, cytosolic fraction and
nuclear fraction. Protein concentrations for each fraction
were determined using the Pierce™ BCA Protein Assay Kit
according to manufacturers’ protocols. Aliquots of protein
from whole-cell lysates (2 pg), cytosolic fractions (2 pg)
and nuclear fractions (60 pg) were added into the reaction
mixture buffer that consisted of 50 mm Tris-HCI, pH 7.4,
20 um NADH, and 3.3 mm pyruvate (or 3.3 mMm sodium 2-
ketobutyrate) in a total volume of 200 pL. LDHA activities
were measured by the decrease in fluorescence (Ex. 350 nm,
Em. 470 nm) corresponding to the conversion of NADH to
NAD" at 25 °C, and normalized to the amount of LDHA
protein.

Proximity ligation assay (PLA)

Cell samples seeded on coverslips were fixed for 10 min
with 4% paraformaldehyde, washed twice with PBS, once
with 0.1% Triton X-100 in PBS for 10 min and twice with
PBS. Thereafter, the assays were continued using the Duo-
link® In Situ Detection Reagent kit (DU09207, Sigma-
Aldrich) according to manufacturer’s instructions. Samples
were imaged by the Nikon fluorescent microscope with
NIS-Elements AR software (Nikon, Tokyo, Japan) and
analysed by iMAGEJ/FUI (Wayne Rasband, National Insti-
tutes of Health, Bethesda, MD, USA).

Protein crosslinking assay

Cells were lysed in a buffer containing 40 mm HEPES pH
7.5, 150 mm NaCl, 0.1% NP-40, 1 mm PMSF, 2 pg-mL™"
leupeptin, aprotinin and pepstatin A and mini-EDTA-free
protease inhibitor tablet. After 30 min of centrifugation at
16 000 x g, supernatants were collected and protein con-
centrations were determined using the Pierce™ BCA Pro-
tein Assay Kit. For crosslinking reactions, 100 pg aliquots
of protein were incubated with glutaraldehyde (final con-
centration 0.0625%; Sigma-Aldrich) for 10 min at 25 °C or
30 °C, followed by the addition of glycine (final concentra-
tion 50 mm) for 10 min to terminate the reactions. Samples
were then subjected to SDS/PAGE analysis.

Statistical analysis and figure preparation

Bar charts were produced using GRAPHPAD PRISM 6.0
(GraphPad Software, San Diego, CA, USA) and the results
were analysed using Student’s 7-test. Significant differences
(P <0.05 and P < 0.01) were marked with * and ** respec-
tively. Error bars represent standard deviations. Inkscape
was used for figure preparation.
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