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CANCER

HILPS, a long noncoding RNA essential for global

oxygen sensing in humans

Zhi Chen'?t, Chan Chen'?t, Lei Xiao>t, Rongfu Tu®, Miaomiao Yu?, Donghai Wang?,
Wengian Kang?, Meng Han®, Hao Huang? Hudan Liu**, Bing Zhao®*, Guoliang Qing

Adaptation to low levels of oxygen (hypoxia) is a universal biological feature across metazoans. However, the
unique mechanisms how different species sense oxygen deprivation remain unresolved. Here, we functionally
characterize a novel long noncoding RNA (IncRNA), LOC105369301, which we termed hypoxia-induced IncRNA
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for polo-like kinase 1 (PLK1) stabilization (HILPS). HILPS exhibits appreciable basal expression exclusively in a
wide variety of human normal and cancer cells and is robustly induced by hypoxia-inducible factor 1a
(HIF1a). HILPS binds to PLK1 and sequesters it from proteasomal degradation. Stabilized PLK1 directly phos-
phorylates HIF1a and enhances its stability, constituting a positive feed-forward circuit that reinforces
oxygen sensing by HIF1a. HILPS depletion triggers catastrophic adaptation defect during hypoxia in both
normal and cancer cells. These findings introduce a mechanism that underlies the HIF1a identity deeply inter-
connected with PLK1 integrity and identify the HILPS-PLK1-HIF1a pathway as a unique oxygen-sensing axis in

the regulation of human physiological and pathogenic processes.

INTRODUCTION

Oxygen (O,) is an essential nutrient that serves as a substrate for
cellular metabolism and bioenergetics. Organisms frequently en-
counter insufficient O, supply (hypoxia) in a variety of physiolog-
ical states including mammalian embryogenesis and hematopoiesis.
Hypoxia is also a prominent feature of pathogenic events encoun-
tered in cancer, inflammation, and cardiovascular diseases. There-
fore, O, sensing represents a fundamental principle that underpins
our understanding of metazoan evolution, development, physiolo-
gy, and pathology.

Hypoxia-inducible factors (HIFs) play a central role in regula-
tion of O, homeostasis in all metazoan species (1). Upon O, depri-
vation, cells alter their gene expression primarily through the
activation of HIF1a and HIF2a (2). HIF1a is expressed ubiquitously
in all cells, while HIF2a exhibits restricted expressions only in
certain tissues (3, 4). HIFs function as heterodimers consisting of
the O,-labile a subunits and a stable p subunit (HIF1, also called
ARNT) (5, 6). During normoxia, HIFa subunits are polyubiquity-
lated by the von Hippel-Lindau protein (pVHL) and targeted for
proteasomal degradation (7-9). pVHL binding is dependent on hy-
droxylation of specific proline residues within HIFa subunits by the
prolyl hydroxylase PHD2 (10). Hypoxia prevents the HIFa hydrox-
ylation and proteasomal degradation. As a result, HIFa subunits di-
merize with HIF1p to form transcriptionally active complexes to
cope with hypoxic stress and adaptive response (6, 11).
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The HIF system is remarkably well conserved throughout evolu-
tion from the simplest known animal, the placozoan Tricoplax ad-
haerens, to the highest species, Homo sapiens (12). This ancestral
oxygen-sensing pathway must have undertaken the evolutionary
pressure to evolve into more sophisticated machinery in higher or-
ganisms, given that evolution of more advanced mammalian species
is necessarily associated with higher variability and plasticity in
managing oxygen tension. However, the unique mechanisms how
human cells sense oxygen deprivation remain to be deciphered.

A very large proportion of human genome is transcribed as long
noncoding RNAs (IncRNAs), a heterogeneous family of RNAs
longer than 200 nucleotides (nt) lacking evident protein-coding ca-
pacity (13). Compared to the protein-coding genes, IncRNAs
exhibit enormous diversity with respect to evolutionary conserva-
tion, usually expressing in a highly species-specific and tissue-re-
stricted manner (I4). Despite the notable prevalence in the
transcriptome and relentless efforts to interrogate their functions,
our current understanding of the vast majority of IncRNAs
remains much limited. Notably, IncRNAs have emerged as essential
regulators of a broad range of biological processes (15-19). The evo-
lutionary diversity of IncRNAs makes them well suited to function
as a unique checkpoint in regulation of biological processes in more
advanced mammalian species.

In the current study, we set out to identify candidate IncRNAs
essential for global regulation of O, sensing in human. Our
studies nominate hypoxia-induced IncRNA for PLK1 (polo-like
kinase 1) stabilization (HILPS) as a core oxygen-responsive
IncRNA in human genome and reveal unanticipated roles for a pre-
viously uncharacterized IncRNA, HILPS, and a canonical cell cycle
kinase, PLK1, in control of HIFla stability and hypoxia adaptation.
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RESULTS

HILPS is a widely expressed IncRNA directly activated by
HIF1a at hypoxia

To identify candidate hypoxia-responding IncRNAs with a wide-
spread expression, we incubated human cells of different origins,
including human embryonic stem cell (ESC) H9, normal colon ep-
ithelial cell NCM460, colorectal cancer cell RKO, breast cancer cell
MDA-MB-231, and lung cancer cell A549 at 21% O, (normoxia)
and 1% O, (hypoxia), and we respectively extracted RNAs for tran-
scriptome analysis by RNA sequencing (RNA-seq). As shown in
Fig. 1A and fig. S1A, a set of 13 IncRNAs were commonly
induced in all these cells at 1% O,. Given that HIFla plays a
central role in the transcriptional response to changes in O, avail-
ability and is ubiquitously expressed in all cells (fig. S1B), we
knocked down HIFIa or its binding partner, HIFIp, in parallel to
identify IncRNAs whose expression is simultaneously affected upon
deletion of either HIF1a or HIF1B. We comprehensively profiled
the transcriptome and identified three top candidates, annotated
as NONHSAT190942.1, NONHSAT195935.1, and
ENST00000429588, respectively (Fig. 1A).

A blast search analysis revealed that NONHSAT195935.1 is actu-
ally a portion of the human GBEI mRNA (corresponding to nucle-
otides 2067 to 2937 including part of the coding and 3'-untranslated
sequences), which encodes glucan branching enzyme 1. Real-time
quantitative polymerase chain reaction (qPCR) verified that
ENST00000429588, but not NONHSAT190942.1, was globally
induced in multiple cell lines at hypoxia (fig. S1C). Of particular
interest, ENST00000429588 is located within a locus annotated as
LOC105369301 with poor characterization (Fig. 1B), which attract-
ed our attention for a further comprehensive investigation. We per-
formed 5’ and 3’ RACE (rapid amplification of cDNA ends) assays
in RKO, H9, NCM460, and MDA-MB-231 cells and identified a
specific 2460-nt full-length transcript harboring three exons with
a canonical polyadenylation signal at the 3’ end (Fig. 1B and fig.
S1, D and E). We therefore termed this poorly characterized
IncRNA HILPS based on the following mechanistic studies (see
below for more details). Because IncRNAs may encode peptides,
we analyzed the coding potential of HILPS using Coding Potential
Calculator 2 (CPC 2) (20) and revealed that HILPS exhibits even a
lower coding potential than the other well-characterized IncRNAs
XIST and NORAD (fig. S1F). HILPS also lacks the potential to
encode any recognizable protein domains based on a BLASTX anal-
ysis of all possible reading frames. Vertebrate Multiz Alignment &
Conservation database analysis from University of California, Santa
Cruz showed that HILPS is a IncRNA uniquely expressed in humans
with poor evolutionary conservation.

We then assessed the hypoxia induction of HILPS and con-
firmed that it was significantly up-regulated in a number of
human cell lines (Fig. 1C). Again, HIFla or HIFIB knockdown di-
minished the expression of HILPS (Fig. 1D and fig. S1G). NCM460
and A549 cells also exhibited detectable HIF2a expression at
hypoxia (fig. S1B). We then performed HIF2a knockdown in
NCM460 cells and found that HIF2a depletion inhibited HILPS ex-
pression, suggesting that HILPS is transcriptionally activated by
both HIFa subunits (fig. SIH). Fluorescence in situ hybridization
(FISH) showed that HILPS was predominantly localized in the
nucleus with some signals in the cytoplasm (fig. S2). We analyzed
the genomic sequence upstream of HILPS and identified two
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putative hypoxia-responsive elements [HRE1, —90 base pairs
(bp); HRE2, —591 bp], 5'-A/GCGTG-3', located within the HILPS
promoter (Fig. 1E). Chromatin immunoprecipitation (ChIP) assay
revealed a marked increase in HIF1a recruitment to HRE1, but not
HRE2 (Fig. 1F). DNA sequences containing wild-type (WT) or
mutant HRE1 were then cloned into a luciferase reporter construct.
Reporter expression from the WT, but not the mutant reporter, was
markedly induced upon HIFla overexpression in RKO cells
(Fig. 1G), suggesting that HRE1 confers HIFla-dependent tran-
scriptional activity. Collectively, these data demonstrate that
HILPS is a direct HIF1a target expressed in multiple human cells.

HILPS is required for tumor cell cycle progression and cell
survival at hypoxia

Hypoxia is a common feature of solid tumors, which contributes to
aggressive tumor phenotypes. To evaluate the biological impact of
HILPS on human tumor cells, we knocked down HILPS with two
independent short hairpin RNAs (shRNAs) in RKO and HCT116
cells (Fig. 2A). We then assessed cell cycle progression of these
cells by 5-bromo-2'-deoxyuridine (BrdU) incorporation. Notably,
depletion of HILPS caused a significant accumulation of RKO
and HCT116 cells in G, phase, with a corresponding decrease in
the percentage of cells in G; and S phases (Fig. 2, B and C), support-
ing that HILPS maintains proper cell cycle progression at hypoxia.
HILPS depletion also induced robust apoptotic RKO and HCT116
cell death during hypoxia (Fig. 2D). Hence, HILPS ablation almost
completely inhibited HCT116 xenograft tumor formation (Fig. 2, E
to G), supporting an essential role of HILPS in tumor growth
in vivo.

HILPS sustains pluripotency of human ESCs

Normal mammalian development occurs in a hypoxic environ-
ment, and hypoxia activates genes responsible for aspects of devel-
opmental morphogenesis (21). We thus exploited the H9 cells as a
model system to investigate potential roles of HILPS in normal set-
tings. Depletion of HILPS in H9 cells caused a slight increase (al-
though not statistically significant) in apoptotic cell death upon
hypoxia treatment (Fig. 3A). Compared with the control counter-
part, colonies derived from HILPS-depleted H9 cells were morpho-
logically flat and loose at hypoxia (Fig. 3B) and displayed much
weaker alkaline phosphatase (AP) staining (Fig. 3B), a characteristic
feature of pluripotency (22). In line with these findings, knockdown
of HILPS significantly decreased the mRNA and protein expression
of pluripotent marker POU domain class 5 homeobox 1 (POU5F]I,
also known as OCT4) and SRY-box transcription factor 2 (SOX2)
(Fig. 3, C and D). Immunofluorescence staining further confirmed
that inhibition of HILPS expression led to profound OCT4 and
SOX2 reduction in live cells (Fig. 3E). We next performed embryoid
body (EB) formation assay to mimic early embryonic development
in vitro with an aim to investigate the potential roles of HILPS in
human ESC differentiation. Notably, EBs derived from HILPS-de-
ficient H9 cells were markedly smaller than those from the control
ones (Fig. 3F). HILPS-depletion led to increased expression of neu-
roectoderm marker genes (PAX6 and SOX1I), accompanied by
down-regulation of some of the representative mesendoderm
markers (FOXA2, TBXT, and GATAG6) (Fig. 3G). These data indicate
that HILPS knockdown favors a neuroectoderm trajectory and
blocks the development of mesendoderm lineage, supporting an
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Fig. 1. Characterization of HILPS, a novel human noncoding RNA globally activated by HIF1a at hypoxia. (A) Heatmap presentation of 13 converged hypoxia-
induced IncRNAs in five cell lines (fold change > 1.5, P < 0.05). Expression changes in the presence or absence of HIFTa/HIF1( are presented. Top three candidates are
labeled in red. shGFP, control short hairpin RNA (shRNA) targeting GFP. (B) 5’ and 3’ RACE amplicons of HILPS using total RNA isolated from RKO cells exposed to 1% O, for
24 hours as a template. Schematic of ENST00000429588 and full-length HILPS is illustrated at the top. Three exons of HILPS are marked in colors: exon 1 (1 to 90 nt) in red,
exon 2 (91 to 470 nt) in green, and exon 3 (471 to 2460 nt) in purple. 5" and 3’ RACE PCR amplicons and PCR products are shown in the middle and bottom. (C) qPCR
analysis of HILPS in various cell lines exposed to 21% or 1% O, for 24 hours. (D) qPCR analysis of HILPS in HIF1a-depleted NCM460 and RKO cells exposed to 1% O, for 24
hours. (E) Schematic illustration of HIF1a binding sites on the HILPS locus. HRE1 consensus sequence mutations are shown as HRET mutant (Mut). TSS, transcription start
site. (F) ChIP analysis of HIF1a binding to the HILPS locus in NCM460 and RKO cells. IgG, immunoglobulin G. (G) Luciferase reporter assay of the HILPS promoter construct
containing HRET WT or mutant in the presence or absence of exogenous HIF1a in RKO cells. Data shown are means + SD from biological triplicates. ***P < 0.001; unpaired
two-tailed Student's t test [(C), (D), and (F)] and one-way analysis of variance (ANOVA) (G).
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Fig. 2. HILPS sustains colorectal cancer cell growth in vitro and in vivo. (A) qPCR analysis of HILPS in RKO and HCT116 cells expressing HILPS shRNA. Cells were exposed
to 1% O, for 24 hours. (B and C) Representative BrdU incorporation plots (left) and quantification (right) from RKO (B) and HCT116 (C) cells exposed to 1% O, for 24 hours.
Pl, propidium iodide. (D) Cell death analysis of HILPS-depleted RKO and HCT116 cells exposed to 1% O, for 48 hours. (E) Tumor growth of HILPS-depleted HCT116 xe-
nografts (n = 6 in each group). x axis represents the time frame after engraftment. (F and G) Images of HCT116 xenograft tumors with or without HILPS depletion. Tumors
were dissected and retrieved 2 weeks after engraftment (F). Tumor weight quantifications are shown in (G). Data shown are means + SD from biological triplicates. ***P <
0.007; unpaired two-tailed Student's t test [(B), (C), (E), and (G)], one-way ANOVA [(A) and (D)].

essential role of HILPS in hypoxia regulation of pluripotency of
human ESCs.

HILPS interacts with PLK1 and enhances PLK1 stability

IncRNAs frequently exert their biological functions through inter-
acting with specific proteins (23). To dissect the molecular mecha-
nisms whereby HILPS regulates hypoxia adaptation, we conducted
RNA pull-down in combination with mass spectrometry (MS) anal-
ysis to identify HILPS-interacting proteins. Pull-down of antisense
HILPS was used as a negative control. Among 206 proteins that po-
tentially bind to HILPS, we selected the top 3 candidates, non-POU
domain—containing octamer-binding protein (NONO), PLK1, and

Chen et al., Sci. Adv. 9, eadi1867 (2023) 22 November 2023

splicing factor proline and glutamine rich (SFPQ), for further vali-
dation (Fig. 4A). Notably, HILPS, but not the corresponding anti-
sense control, strongly bound to PLK1 when it was ectopically
expressed in 293T cells (Fig. 4B). Interaction between HILPS and
endogenous PLK1 was further confirmed in 293T, H9, NCM460,
and RKO cells (Fig. 4C). We next performed in vitro RNA pull-
down assay and found that biotin-HILPS—conjugated streptavidin
beads, not the antisense counterpart, specifically pulled down re-
combinant glutathione S-transferase (GST)-PLK1 (Fig. 4D,
compare lane 6 with lane 7), consolidating a direct interaction
between HILPS and PLK1. We then constructed a series of HILPS
deletion mutants to map the PLK1-binding region. The results from
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Fig. 3. HILPS maintains pluripotency of human ESCs at hypoxia. (A) Cell death analysis of HILPS-depleted H9 cells exposed to 1% O, for 48 hours. (B) Representative
images showing the morphology (left), AP staining (middle; two columns), and percentages of differentiated (AP-negative)/undifferentiated (AP-positive) colonies (right)
of HILPS-depleted H9 cells exposed to 1% O, for 48 hours. Scale bars, 200 um. (C and D) qPCR analysis (C) and immunoblots (D) of indicated pluripotency marker ex-
pression in HILPS-depleted H9 cells exposed to 1% O, for 24 hours. (E) Representative images showing immunofluorescence staining of OCT4 and SOX2 in HILPS-depleted
H9 cells exposed to 1% O, for 24 hours. 4',6-Diamidino-2-phenylindole (DAPI) staining was used to locate cell nucleus. Scale bar, 100 um. (F) Schematic representation of
EB differentiation of human ESCs exposed to 1% O, for 7 days (top). Bright-field images of HILPS-depleted EBs at day 7 in suspension culture under 1% O, (bottom left).
Scale bar, 200 pm. Scatter graph displays the mean diameter of 40 EBs randomly selected from H9 cells with or without HILPS depletion (bottom right). (G) qPCR analysis
of lineage-specific marker (neuroectoderm and mesendoderm) expression in HILPS-depleted EBs exposed to 1% O, on day 7. Data shown are means + SD from biological
triplicates. *P < 0.05, **P < 0.01, and ***P < 0.001, unpaired two-tailed Student’s t test. n.s., no significance.
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Fig. 4. HILPS binds to PLK1 and enhances PLK1 stability. (A) Volcano plots showing HILPS interacting proteins pulled down from 293T cells exposed to 1% O, using
biotin-labeled HILPS. Proteins significantly enriched (fold change > 2 and P < 0.01) from three independent experiments are displayed as red dots. (B) Biotin-labeled HILPS
pull-down assay using 293T cell lysates with respective hemagglutinin (HA)-tagged protein expression. IB, immunoblot. (C) Biotin-labeled HILPS pull-down assay to
detect endogenous PLK1 in 1% O,-treated cells. (D) In vitro RNA pull-down assay using biotin-labeled HILPS and recombinant GST-PLK1. (E) Immunoblots of PLK1 in
HILPS-depleted NCM460 and RKO cells exposed to 1% O,. (F) Immunoblots of PLK1 in HILPS-depleted NCM460 and RKO cells treated with MG132 (10 pM) for 6 hours
before harvest. (G) Time-course analysis of PLK1 degradation. HILPS-depleted NCM460 and RKO cells were cultured in 1% O,, treated with cycloheximide (CHX; 100 pg/ml)
and harvested at the indicated time points, followed by immunoblotting of PLK1. (H) Analysis of PLK1 polyubiquitination in the presence or absence of HILPS in 293T cells.
() Immunoblots of PLK1 and CDH1 in 1% O,-cultured NCM460 and RKO cells expressing shRNA targeting HILPS and/or CDH]1. Asterisk denotes a nonspecific band
detected by CDH1 antibody. (J) Immunoblots of indicated proteins in 293T cells transfected with HA-PLK1, Flag-CDH1, and/or HILPS. (K) Co-IP to detect protein interaction
between PLK1 and CDH1 in the absence or presence of HILPS. 293T cells were treated with MG132 (10 uM) for 6 hours before harvest. (L) In vitro protein binding assay to
detect PLK1-CDH1 interaction in the absence or presence of in vitro transcribed HILPS.
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in vitro binding assays showed that PLK1 primarily interacted with
the exon 2 (a region spanning nucleotides 91 to 470) within HILPS
(fig. S3A).

We noticed that HILPS depletion by shRNA greatly reduced the
PLK1 protein abundance without a significant change in mRNA ex-
pression (Fig. 4E and fig. S3, B and C). As administration of the pro-
teasome inhibitor MG132 efficiently rescued PLK1 down-
regulation upon HILPS ablation (Fig. 4F and fig. S3D), we reasoned
that HILPS depletion induced proteasome-mediated PLK1 degrada-
tion. Time-course analysis revealed that depletion of HILPS signifi-
cantly shortened the half-life of endogenous PLK1 in RKO,
NCM460, and H9 cells (Fig. 4G and fig. S3, E and F), arguing
that HILPS regulates PLK1 through enhancing protein stability.
Consistent with these findings, enforced expression of HILPS mark-
edly decreased PLK1 polyubiquitination (Fig. 4H). CDHI (ana-
phase promoting complex or cyclosome activator protein CDHI,
APC/CEPH1y is the primary E3 ligase responsible for polyubiquity-
lation and proteasome-mediated degradation of PLK1 (24, 25).
Knockdown of CDHI in RKO, NCM460, and H9 cells abolished
HILPS depletion—induced PLKI1 loss (Fig. 4I and fig. S3G), while
ectopic expression of HILPS counteracted the CDHI induction of
PLK1 degradation (Fig. 4] and fig. S3H). Enforced HILPS expres-
sion in 293T cells efficiently disrupted the interaction between
CDHI1 and PLK1 (Fig. 4K). Note that HILPS exhibited an undetect-
able interaction with the WT CDHI1 or its constitutive phosphory-
lation mutant (fig. S3I). As a further support, administration of in
vitro transcribed HILPS efficiently disrupted the interaction of re-
combinant CDH1 and PLK1 proteins (Fig. 4L). Domain mapping
revealed that deletion of amino acids 304 to 409 spanning the D-
box—disrupted PLK1 interaction with HILPS (fig. S3]), supporting
that HILPS directly interacts with PLK1 near its D-box region and
promotes PLKI1 stabilization via sequestering it from CDHI
recognition.

HILPS sustains HIF1a-dependent transcriptional programs
via PLK1 regulation of HIF1a stabilization

To explore the molecular mechanisms underlying HILPS-mediated
oxygen sensing, we profiled HILPS-depleted (shHILPS#1 and
shHILPS#2) versus mock-depleted (shGFP) H9 cells by genome-
wide transcriptional profiling coupled with pathway enrichment
analysis. After normalizing the gene expression to the control
group, we identified a common set of 4453 genes whose expression
was significantly changed upon HILPS knockdown by both shRNAs
(Fig. 5, A and B). Notably, pathway enrichment analysis using these
overlapped genes showed that HILPS was implicated in pathways
robustly related to “hallmark of hypoxia” (Fig. 5C). We interrogated
our gene expression profile with published, validated hypoxia-reg-
ulated gene signatures for gene set enrichment analysis (26, 27) and
found that HILPS depletion resulted in significant down-regulation
of HIFla signature genes (Fig. 5D). Down-regulation of canonical
HIFla targets upon HILPS depletion was confirmed by qPCR in
multiple human cell lines subjected to hypoxia treatment (Fig. 5E
and fig. S4A), corroborating a vital role of HILPS in sustaining
HIF1la transcriptional programs.

Notably, HILPS deficiency reduced HIFla protein abundance,
which was efficiently rescued by MGI132, without affecting
mRNA levels (Fig. 5, F and G), suggesting that HILPS is implicated
in regulation of HIF1a stability. Given that HILPS was not directly
associated with HIF1a or HIF1P and ectopically expressed PLK1
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attenuated the HIFla reduction resulting from HILPS knockdown
(Fig. 5, H and I), we reasoned that HILPS may indirectly regulate
HIFla via sustaining PLKI1 stabilization. In support of this
notion, depletion of PLKI by specific shRNAs led to a marked
decline in HIFla protein abundance, which can also be efficiently
reversed upon administration of MG132 (Fig. 5] and fig. S4B, top).
Time-course experiments revealed that abrogation of PLK1 signifi-
cantly reduced the half-life of endogenous HIF1a (Fig. 5, K and L;
and fig. $4, C and D, top), supporting that PLK1 depletion promotes
HIFla proteasomal degradation. Pharmacological inhibition of
PLK1 kinase activity by the small chemical inhibitor BI6727 simi-
larly diminished HIFla expression, which was also rescued by
MG132 (Fig. 5] and fig. S4B, bottom) and shortened the HIFla
half-life (Fig. 5, K and L; and fig. S4, C and D, bottom), arguing
that PLK1 kinase activity is required for sustaining HIFla protein
stability.

HIF1la is a master regulator of glycolysis in response to hypoxia
exposure (28). We then performed isotopomer distribution analysis
in HY cells to assess glycolytic flux using *Cg glucose (all six
carbons are '>C-labeled, M6) as the tracer, which produces glycolyt-
ic intermediates containing '>C atoms. As expected, HILPS deple-
tion significantly reduced the isotopomer enrichment of
representative glycolytic intermediates at hypoxia, including M6
fructose-1,6-bisphosphate, M3 dihydroxyacetone phosphate, M3
3-phosphoglycerate/2-phosphoglycerate, and M3 phosphoenolpyr-
uvate (fig. S4E). In support of these observations, HILPS depletion
caused a significant inhibition of glucose consumption and lactate
production (fig. S4F). Moreover, enforced expression of HIFla in
HILPS-knockdown RKO and HCT116 cells significantly rescued
hypoxia-induced cell death in vitro (Fig. 5M and fig. S4G) and
markedly reversed growth inhibition of HCT116 xenograft
tumors in vivo (Fig. 5, N and O, and fig. S4H). These findings dem-
onstrate that HILPS, once transcriptionally activated by HIF1a, in
turn promotes HIFla stabilization in a PLK1 kinase—depen-
dent manner.

PLK1-directed HIF1a threonine-218 phosphorylation is
critical for HIF1a stabilization

The implication of PLK1 in modulating HIF1a stability prompted
us to examine their interaction. We coexpressed hemagglutinin
(HA)-tagged PLK1 with Flag-tagged HIF1a in 293T cells. Immuno-
precipitation (IP) with Flag-tagged antibody showed that PLK1 spe-
cifically binds to HIFla (fig. S5A), which was confirmed in
reciprocal co-IPs with HA-tagged antibody (fig. S5A), suggesting
a selective association between PLK1 and HIFla proteins. In
further support of HIF1a being a PLK1 binding partner, we identi-
fied that endogenous HIF1a was present in PLK1 immunoprecipi-
tates (Fig. 6A). Co-IP with respective epitope-tagged HIFla or
PLK1 fragments revealed the HIF1a oxygen-dependent degradation
domain (amino acids 330 to 530) and the PLK1 kinase domain
(amino acids 1 to 345) as regions critical for the direct protein-
protein interaction (fig. S5, B and C).

As PLK1 kinase activity is required for HIF1la stabilization, we
surmise that PLK1 regulates HIF1a through direct phosphorylation.
Ectopic expression of the constitutively active PLK1 mutant (PLK1-
T210D) counteracted VHL-mediated HIF1a degradation, while the
kinase inactive mutant (PLK1-K82R) exhibited little effect (Fig. 6B).
In support of this notion, PLK1-T210D significantly extended the

7 of 16



SCIENCE ADVANCES | RESEARCH ARTICLE

Fig. 5. Inhibition of HILPS-PLK1 axis A B ShGFP  ShHILPSH# shHILPSH2 C il S, WS WS BOE
induces HIF1a degradation and = — nAEhment ration . - :
impairs HIF1a signature gene ex- Hallmark of hypoxia ®
pression. (A to C) Venn diagram of Cbarariimadh ®
differentially expressed genes (DEGs) niergrintigativay
resulting from 1% O,-cultured H9 cells Calcium signaling pathway °
expressing shHILPS#1 or shHILPS#2 (A). 7 TNFa singaling via NFxB °
Heatmap presentation (B) and enrich- . T —
ment analysis (C) of 4453 merged DEG in shHl\eg’S‘M shHl\eg’S#Z transition »
(A). Pathway enrichment was analyzed shGFP shGFP 10 15 20 25 30
-Logqq (P value)
by Metascape (www.metascape.org).
TNFa, tumor necrosis factor-a; NFkB, D E 157 m sherp Ho F
: S|
nuclear factor kB. (D) Gene set enrich- ELVIDGE_HIF1A_TARGETS_DN B shHILPS 5 157 M shGFP W shHILPS
ment analysis of HIF1a target gene sets 5 06 NES =3.19 = 3 ns. ns
. . g 051 | P<0.001 g > [ o ns. =
in the expression profiles of H9 cells 2 04q | FDR < 0.001 2 1.0 < —‘
expressing HILPS shRNA#1 (software. 2 g-g { é iz 14
broadinstitute.org/gsea). NES, normal- § 041 2 . S
[ =4 = ek *kk w
ized enrichment score; FDR, false dis- uw 00 2 0.5 . I 0.5
Fkk [
covery rate. (E) gPCR analysis of HIF1a JI V H’ H H’ HH * i o %
target genes in HILPS-depleted H9 cells = ShHILPS. 3 E 56
exposed to 1% O,. (F) qPCR analysis of HILPS ADM GLUT1 HK2 LDHA PDK1 VEGF ’ H9 NCM460 RKO
HIFTa mRNA in HILPS-depleted cells G H |
0 RNA pull-down
exposed to 1% O,. (G) Immunoblots of —_— 1% O
i &2 2
HIF1a in HILPS-depleted cells treated 1%0, ShGFP ShHILPS ShGFP ShHILPS shGFP ShHILPS ,\\&“ 2 Flag-PLK1 - -+ - - +
with MG132 (10 pM) for 6 hours before  mg132 - + - + - + - + - + - =« input ¥ o IB: shHILPS -+ ; = ;
harvest. (H) Biotin-labeled HILPS pull- | - 0l. ““ [r—— -H —ad d|HIF1u - Flag-HIF1a F"‘K1| — ||- ‘
down assay using lysates from 293T cells 100 1.51 021 1.89 1.00 2.77 0.23 1.89| 1.00 18.47 0.24 10.87 ’: —— HIF10.| S H — _1|
expressing tagged proteins. (I) Immu- | --|| ‘ HActin 100 021 050 100 049 051
noblots of HIF1a and PLK1 in HILPS-de- Ho NCM460 RKO E HAPLKA Actinl ~——— ||
pleted cells with or without Flag-PLK1 = Biotin-RNA NCM460 RKO
overexpression. (J) Immunoblots of J N " K L
HIF1a and PLK1 in PLK1-depleted (top) C§<Q \:{I\% \f& OTi"‘e aﬁleOCHX ad‘i‘g"” (mi"éo
or BI6727-treated (bottom) RKO cells & r;\g é‘Q shGFP shPLK1 0 1 . !
subjected to 1% O, exposure. (Kand L) MG132 - + - + - + CHX 0 20 40 60 0 20 40 60 Min ER
Time-course analysis of HIF1a degrada- asilhonid |P'-K1 | L é-z- g
tion in PLK7-depleted (top) or BI6727- 2 | — e — e w» |HIF1oL | 100 088 044 00 I 1.00 0.38 0.19 0.4 3
treated (bottom) RKO cells subjected to & | T700 1045 051 7.89 027 6.23 |’ }ACﬁ” L 3 sere t1/2=32 min
1% O, exposure. HIF1a was analyzed by | e e = = —| Actin _4d = shPLKT ty=19 min
; : ; 0 20 40 60
|mmun9blott|ng (K) and quantlﬁec‘i as Eik7os & i 5. il DMSO BI6727 - " A h (
shown in (L). (M) Cell death analysis of  mG132 = + = + = + CHX 0 20 40 60 0 20 40 60 Min e
. -1
HILPS-depleted cells cultured in 1% O, & | ~am cem- - —<|H|F1u - | R — || an oo ‘H”:w ::/
with or without ectopic HIF1a. (N and O) § 1.00 867 0.26 521 023 3.41 é 100 078 045 025 1.00 048 0.36 0.17 3 -2
Tumor growth of HILPS-depleted | S — | Actin | IAC“” £ -3
i i T 7|~ DMso typ=31min
HCT116 xenografts with or without 1% O 1% O a)~ w6727 1= 18min
ectopic HIF1a (n = 5) (N). Tumors were M N o
dissected 2 weeks after engraftment (O). : Suglif;s 1200+ * ShGFP
Data shown are means + SD from bio- o . J + shHILPS
logical trioli #%p 2 001 and ***p 60 vehAll PSRlag B 1o 10004 = shHILPS +Flag-HIF1a
ogical triplicates. <0.01an < T ShGFP/ . ‘ . ' e
0.001; unpaired two-tailed Student's t E
test [(E) and (F)] and one-way ANOVA g 40 g " SshHILPS| o . - > .
[(M) and (N)]. £ 2 .
® . * shHILPS
2 0 g i iFlagiiFa] @ @ @ @ @
[0} 3
o = T gy
O+—T—TT7T T T T T
0 012345678 910Days

RKO HCT116

half-life of exogenous HIF1a, while PLK1 K82R shortened the half-
life (Fig. 6C and fig. S5D).

We then performed in vitro kinase assays to explore whether
HIFla is phosphorylated directly by PLK1. As expected, the
active PLK1 (PLK1-T210D), but not its kinase-inactive form
(PLK1-K82R), phosphorylated GST-HIFla in vitro (Fig. 6D,
compare lane 5 with lane 6). No phosphorylation of GST alone

Chen et al., Sci. Adv. 9, eadi1867 (2023) 22 November 2023

was detected (Fig. 6D, compare lanes 1 to 3 with lane 6). To identify
the potential phosphorylation site(s), we repeated the in vitro kinase
assay using PLK1-T210D, recombinant GST-HIF1a, and cold aden-
osine 5'-triphosphate (ATP). A kinase assay using PLK1-K82R was
included as a control. Subsequent MS analysis revealed that threo-
nine-218 (T218) and serine-643 (S643) within HIF1a were potential
sites selectively phosphorylated by PLK1 T210D (fig. S5, E and F).
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Fig. 6. PLK1 phosphorylates HIF1a T218 and sustains HIF 1a stabilization. (A) Co-IP of endogenous HIF 1a and PLK1 using lysates of 1% O,-cultured NCM460 and RKO
cells. (B) Immunoblots of indicated proteins in 293T cells expressing Flag-HIF1a, HA-VHL, and/or PLK1 (T210D and K82R). (C) Time-course analysis of Flag-HIF1a in 293T
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Notably, mutations of threonine-218, but not serine-643, to alanine
abolished the phosphorylation signal (Fig. 6E, compare lanes 6 and
8 with lane 4), suggesting that T218 within HIF1a is the major sites
subjected to PLK1 phosphorylation.

The T218 phosphorylation residue, as well as the surrounding
amino acids, is highly conserved among vertebrates (Fig. 6F), indi-
cating that its phosphorylation may have an evolutionarily
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conserved role in regulation of HIFla protein stability. Therefore,
we constructed HIFla nonphosphorylatable alanine mutant
(T218A) and phosphomimetic aspartic acid mutant (T218D), re-
spectively, and performed a series of cycloheximide chase experi-
ments to estimate the half-life of these mutant proteins. As
expected, mutation of threonine-218 to aspartic acid (to mimic con-
stitutive phosphorylation) extended the half-life of HIF1a, whereas
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the respective mutation to alanine profoundly shortened its half-life
(Fig. 6, G and H), suggesting that phosphorylation inhibits the ubig-
uitination and subsequent degradation of HIF1a. In line with these
observations, we found that a notable decrease in HIF1a-T218D
polyubiquitination compared to WT HIFla and its T218A
mutant (Fig. 61, compare lane 5 with lanes 4 and 6), suggesting
that a decrease in polyubiquitination might be the primary mecha-
nism responsible for HIF1a stabilization upon PLK1 activation.

Under well-oxygenated conditions, HIF1a becomes hydroxylat-
ed at one (or both) of two highly conserved prolyl residues (proline-
402 and/or proline-564) primarily by PHD2. Hydroxylation of
either of these prolyl residues generates a binding site for the
pVHL ubiquitin E3 ligase. We thus evaluated the binding of
various HIFla phosphorylation mutants to PHD2 and pVHL, re-
spectively, and found a notable decrease in HIF1a-T218D interac-
tion with pVHL compared to that of WT HIFla and its T218A
mutant (Fig. 6J), whereas neither mutation affected HIFla
binding to PHD2 (fig. S5G). Together, these results suggest that,
once stabilized by HILPS, PLK1 directly phosphorylates HIF1a at
T218, which inhibits HIF1a polyubiquitination by pVHL and sub-
sequent degradation by proteasome.

HILPS is essential for hypoxic adaptation of human tumor
organoids

As HILPS is a unique IncRNA in human, it is impractical to perform
functional characterization and mechanistic investigation in model
organisms. Instead, human patient-derived organoids have enabled
disease modeling ex vivo with precision as these three-dimensional
cultures maintain key features from their parental counterparts (29,
30). We thus assessed HILPS in human organoids and found that it
was consistently induced when multiple human normal and tumor
organoids, including those from the colon, lung and liver bile ducts,
were subjected to hypoxia treatment (Fig. 7A and fig. S6, A and B).
Moreover, depletion of HILPS markedly decreased PLK1 and
HIFla protein abundance in representative organoids from
human normal colon tissue and colorectal cancer (Fig. 7B). We
then performed transcriptomic analysis in hypoxia-treated colorec-
tal cancer organoids with or without HILPS knockdown. Consistent
with our prior findings, pathway enrichment of differentially ex-
pressed genes revealed the hallmark of hypoxia (Fig. 7, C and D)
and HILPS depletion resulted in significant down-regulation of
HIF1la signature genes in hypoxia-treated organoids (Fig. 7E).

In particular, when the same numbers of colorectal cancer
organoids were seeded in culture plates, knockdown of HILPS pro-
foundly compromised the survival and growth of these organoids at
1% O, compared to control counterparts (Fig. 7F). HILPS depletion
also significantly impaired colony-forming capacity of the
colorectal cancer cells in organoids (Fig. 7G). Knockdown of
PLK1 exhibited similar effect (fig. S6C), suggesting that PLKI deple-
tion phenocopies HILPS knockdown. Immunofluorescence stain-
ing confirmed that loss of HILPS expression suppressed cell
proliferation as evidenced by weaker Ki67 and proliferating cell
nuclear antigen staining (Fig. 7H and fig. S6D). Depletion of
HILPS also inhibited the expression of SOX9 (fig. S6E), a represen-
tative stemness marker of colorectal cancer. We then used patient-
derived organoid-based xenograft model to address whether HILPS
indeed affected tumor formation in vivo. Representative colorectal
cancer organoids were xenotransplanted into the kidney subcap-
sules of immunocompromised NSG (nonobese diabetic—Prkdc*
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112rg"™!/5m°%) mice (Fig. 7I). Again, organoids expressing the
control shRNA successfully gave rise to tumors in the kidney,
whereas HILPS knockdown resulted in markedly less engraftment
(Fig. 7]). These results provide strong evidence supporting that
HILPS regulates hypoxia sensing in human organoids and plays
an important role in human tumorigenesis.

DISCUSSION

A groundbreaking landmark in understanding cellular response to
changes in O, supply is the discovery of HIF1a and its regulation by
pVHL and prolyl hydroxylases (6, 7, 8, 9, 31). These findings build a
molecular framework whereby changes in O, levels mount robust
transcriptional responses in adaptation to hypoxia. The results we
present herein advance our understanding of molecular mecha-
nisms underlying oxygen sensing and hypoxia adaptation. The
key concept that emerges from our data is that the newly character-
ized IncRNA HILPS has a previously unrecognized role as an essen-
tial, global regulator of HIFla stabilization and O, sensing in
human cells. HILPS and HIF1a create a positive, feedforward acti-
vation loop that is essential for sustained hypoxia responses. In ag-
gregate, these findings unravel a mechanism that nominates the
HILPS-PLK1-HIFla pathway as a unique oxygen-sensing axis in
human cells (fig. S7).

Unlike the simple worm Caenorhabditis elegans, the dimension
of this primitive metazoan species is small enough that O, can
diffuse from the atmosphere into all of its thousand cells. Instead,
O, tension in the higher organism H. sapiens varies markedly
between organs that are dedicated to distinct, specific biological
functions. The extraordinary diversification of life forms during
evolution demands much more sophisticated machinery in
human to cope with the hypoxia confronted in both development
and disease. It is generally agreed that IncRNAs exhibit much higher
species variability than do protein-coding transcripts. Near 98% of
the human transcribed genome comprises noncoding RNAs, in-
cluding IncRNAs (32). Hence, IncRNAs are capable of introducing
previously unsuspected regulatory machinery dictating the hypoxia
responses in human. In the current study, we identify a poorly char-
acterized IncRNA, HILPS, which exhibits a global expression in
human normal cells and is also widely expressed in a myriad of
human cancers. As bioinformatics analysis showed no conserved
orthologs of HILPS in other species, HILPS most likely evolution-
arily emerges to specifically orchestrate HIF1a signaling in normal
and disease processes in human.

IncRNAs are highly abundant in human transcriptome, but little
is known regarding the ways in which most of these IncRNAs are
functioning in cells. We herein have defined a new class of
IncRNA, HILPS, and performed a thorough investigation of its
functional relevance both in vitro and in vivo. Our mechanistic
study revealed that HILPS specifically binds to PLK1 such that it
antagonizes the E3 ligase CDH1 leading to PLKI1 stabilization. As
PLK1 is a critical mitotic regulator that promotes cell cycle progres-
sion (33, 34), we reason that HILPS is also essential for proper cell
division at normoxia. We identify HIF1a as a novel PLK1 substrate
and validate that phosphorylation of HIF1a by PLK1 at T218 pre-
vents its association with pVHL that normally binds to the HIF1a
oxygen-dependent degradation domain (amino acids 330 to 530)
(7, 35). Most likely, T218 phosphorylation alters the protein confor-
mation that inhibits pVHL recognition of HIF1a and its subsequent
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degradation by proteasome. The elucidation of the HILPS-PLK1-
HIFla feed-forward regulatory circuit has expanded our under-
standing of IncRNA functions and has uncovered a heretofore-
unknown role for PLK1 in properly coordinating cell cycle progres-
sion with hypoxia adaptation. It is worth noting that HILPS also ex-
hibits appreciable cytoplasmic localization, suggesting a potential
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function of HILPS outside of its engagement with HIFla in
the nucleus.

Rates of protein synthesis at low levels of O, are usually de-
creased to suppress unwanted energy-expensive processes.
Instead, transcriptional activation of IncRNAs would be more eco-
nomical for cell survival under hypoxic stress, allowing easier adap-
tation to O, starvation. The current study was initiated in an
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attempt to identify IncRNAs that regulate universal hypoxia re-
sponses in human cells. To this end, we performed RNA-seq in a
set of cell lines of different origins, including those from both
normal and malignant tissues. We then enforced a widespread
hypoxic induction by HIF1a as a selection criterion for nomination
of HILPS to leverage multiple systems to robustly interrogate its role
in O, sensing. Our findings shed light on a previously unrecognized
mechanism of the HILPS-PLK1-HIFla feed-forward loop in re-
sponse to O, shortage and add a new layer of O,-mediated check-
point that confers a fitness advantage upon hypoxia exposure.
Hypoxia induction of IncRNAs was previously reported in several
tumor contexts (36-38). Notably, these IncRNAs are not emerged as
top candidates in our screen, suggesting that they are preferentially
expressed in certain human cells. In addition, their physiological
and pathological functions await further interrogation.

In summary, we used detailed molecular and genetic approaches
to demonstrating that the precise regulation of HILPS is essential to
control responses to O, deprivation via PLK1-mediated stabiliza-
tion of HIFla. Therefore, HILPS acts as an important component
of the molecular circuitry to orchestrate hypoxia-induced transcrip-
tional responses, with wide implications for a variety of severe dis-
eases in humans.

MATERIALS AND METHODS

Cell lines

NCM460, RKO, HCT116, MDA-MB-231, IMR90, A549 and 293T
cells were purchased from American Type Culture Collection. All
these cells were cultured in Dulbecco’'s modified Eagle’s medium
(DMEM; Hyclone) supplemented with 10% fetal bovine serum
(FBS; Gibco) and 1% penicillin/streptomycin (Hyclone). Human
ESC HUES8 and H9 (also named WAO09) were provided by
W. Jiang (Medical Research Institute, Wuhan University, China)
and cultured on Matrigel (Corning)—coated plates in mTesR1
(STEMCELL Technologies) with 1% penicillin/streptomycin.
HUES8 and H9 cells were passaged every 4 days by Accutase
(STEMCELL Technologies). The culture medium was changed
every day. All cells were incubated in a 5% CO, humidified incuba-
tor at 37°C and cultured for fewer than 6 months after resuscitation.
Cells under hypoxia culture were placed in the Hypoxia Incubated
Workstation (Ruskinn) and flushed with a gas mixture of 1% O,, 5%
CO,, and balanced N,. All cells were tested for mycoplasma con-
tamination every month using MycoAlert (Lonza).

RNA sequencing

RNA-seq was performed as described (39). Briefly, total cellular
RNA was extracted using RNAiso Plus (Takara Bio) and subjected
to quality control to inspect RNA integrity by Agilent Bioanalyzer
2100 (Agilent Technologies). RNAs were further purified by RNA-
Clean XP Kit (Beckman Coulter) and ribonuclease-free deoxyribo-
nuclease set (QIAGEN). RNA libraries were constructed using
VAHTS Total RNA-seq (H/M/R) Library PrepKit for Illumina
(Vazyme) and sequenced as 150-bp paired-end reads by Illumina
NovaSeq 6000 (Shanghai Biotechnology Corporation). RNA-seq
reads quality was evaluated using FastQC and mapped to the
human genome reference assembly (hg38) by Bowtie 2. To identify
differentially expressed genes, we used the edgeR software and con-
sidered those with a false discovery rate value below the threshold
(Q<0.01), log, fold change greater than 0.5 (or less than —0.5), and
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fragments per kilobase million (FPKM) value greater than 1 as
significant.

Quantitative polymerase chain reaction

Total cellular RNA was extracted using RNAiso Plus (Takara Bio)
and ¢cDNA was synthesized using ReverTra Ace qPCR RT kit
(TOYOBO) following the manufacturer's instructions. qPCR was
conducted using FAST SYBR Green Master Mix on CFX Connect
Real-Time PCR System (Bio-Rad). Relative RNA expression of was
calculated by 272*“" method. Real-time qPCR primers are listed in
table SI.

Rapid amplification of cloned cDNA ends

RACE analysis was performed using the SMARTer RACE 5'/3' Kit
(Takara Bio) according to the manufacturer’s instruction. Briefly,
total RNA was extracted and subjected to reverse transcription. 5’
and 3 RACE PCRs were performed with universal and gene-specif-
ic primers listed in table S1, and the resulting PCR products were
cloned into linearized pRACE vector and sequenced.

Lentiviral transduction

Lentiviral vectors (pLKO.1 for shRNA and pHAGE for overexpres-
sion) were used for plasmid construction and transfected into 293T
cells together with helper plasmids (pMD2.G and psPAX2) using
Lipofectamine 2000 (Thermo Fisher Scientific). Viral supernatants
were generally collected 48 hours after transfection and gone
through 0.45-pm filters (Millipore). For lentivirus infection, cells
were seeded in six-well plate and infected at the 30 to 50% conflu-
ence. Appropriate amount of viruses in a final volume of 2 ml was
added in cell culture for 12 to 24 hours, and polybrene (8 ug/ml) was
included to increase efficiency during the infection. Transduced
cells underwent puromycin selection for more than 24 hours
before additional experiments were performed. sShRNA-targeting
sequences used in this study are listed in table S1.

Fluorescence in situ hybridization

FISH was performed using a fluorescent in situ hybridization kit
(RiboBio) following the manufacturer’s instruction. Cells grown
on coverslips were fixed for 10 min (4% paraformaldehyde),
washed three times using phosphate-buffered saline (PBS; Gibco),
and then permeabilized at 4°C for 5 min. Cells were washed and
blocked in prehybridization buffer at 37°C for 30 min and then in-
cubated in dark at 37°C overnight with Cy3-labeled specific RNA
probes in hybridization buffer before washing at 42°C. All images
were acquired and analyzed by confocal microscopy (Carl Zeiss).

Chromatin immunoprecipitation

ChIP was performed as previously described (39). Briefly, cells were
fixed with 1% paraformaldehyde at room temperature for 10 min,
then quenched with 0.125 M glycine for 5 min, and lysed in SDS
lysis buffer. Cell lysate was subjected to a Bioruptor Pico Sonifier
to shear chromatin DNA to a size range of 500 to 1000 bp. Pre-
cleared chromatin was immunoprecipitated with antibody against
HIFla or immunoglobulin G at 4°C for 16 hours. Antibody-chro-
matin complexes were pulled down with protein G agarose/salmon
sperm DNA beads (Roche) (1 hour at 4°C). The eluted DNA was
purified and quantified by qPCR. Specific primers are listed in
table SI.
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Luciferase reporter assay

pGL3 basic vector (0.5 pug) expressing HRE (or indicated mutant) in
the HILPS promoter, along with 0.5 ug of Flag-HIF1a and 50 ng of
Renilla luciferase reporter, was cotransfected in triplicates into 293T
cells using Lipofectamine 2000. Luciferase activities were measured
24 hours later using Dual Luciferase Reporter Assay System
(Promega). Firefly luciferase activities were normalized to Renilla
luciferase control values and shown as an average of triplicates. Lu-
minescent readings are relative to empty vector—expressing cells.

BrdU incorporation assay

Cells were pulsed with BrdU (10 pM final concentration) for 1 hour,
fixed with 70% ethanol (overnight at —20°C), followed by a 30-min
treatment with 6% HCl and 0.5% Triton X-100 in PBS and neutral-
ization with 0.1 M Na,B40, and stained with an fluorescein iso-
thiocyanate—conjugated anti-BrdU antibody (BioLegend) and
propidium iodide (BioLegend). For cell cycle analysis, data were ac-
quired using Cytoflex (Beckman) and analyzed with FlowJo soft-
ware (TreeStar).

Cell death assay

Cells were harvested and washed once with cold PBS. Apoptosis was
analyzed using the annexin V—fluorescein isothiocyanate apoptosis
kit (BioVision). Data were acquired using Accuri C6 (BD Bioscienc-
es) and analyzed with Flow]Jo software (TreeStar).

AP staining

AP staining was performed according to the manufacturer’s in-
struction (Beyotime). Briefly, cultured cells were fixed with 4% para-
formaldehyde at room temperature for 20 min, then washed three
times with Dulbecco’s PBS (DPBS; Gibco), and incubated in 5-
bromo-4-chloro-3-indolyl phosphate/nitroblue tetrazolium chlo-
ride (BCIP/NBT) staining mix in dark for 3 hours at room temper-
ature. After washing with DPBS to terminate the staining reaction,
cells were counterstained with neutral red staining solution for 30
min. Colonies were visualized and photographed using microsco-
py (Nikon).

Immunoblot and IP

For immunoblot, cells were lysed in radioimmunoprecipitation
assay buffer [50 mM tris-HCI (pH 7.4), 150 mM NaCl, 1% Triton
X-100, 1% sodium deoxycholate, 0.1% SDS, 2 mM sodium pyro-
phosphate, 25 mM f-glycerophosphate, 1 mM EDTA, 1 mM
Na;VO,, and leupeptin (0.5 pg/ml)], followed by centrifuging at
12,000g for 10 min at 4°C, and protein concentration was measured
by bicinchonininc acid (BCA) assay (ZOMANBIO). Equal amount
of protein was loaded and resolved by SDS—polyacrylamide gel elec-
trophoresis (PAGE). After transferred to polyvinylidene difluoride
membranes (Bio-Rad), blots were generally blocked with 5% fat-free
milk at room temperature for 1 hour before incubated with primary
antibodies at 4°C overnight. Appropriate horseradish peroxidase—
conjugated secondary antibodies were applied at room temperature
for 1 hour. Blots were incubated with SuperSignal Chemilumines-
cent Substrate (Bio-Rad) and visualized by Chemi Doc Touch
Imaging System (Bio-Rad).

For IP, cells were lysed in 1 ml of IP buffer [50 mM tris-HCI (pH
7.4), 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 10% glycerol]
supplemented with protease inhibitor cocktail (Roche) on ice for
30 min. Cells were centrifuged at 12,000 for 15 min at 4°C. The
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supernatant was incubated with indicated antibodies at 4°C over-
night and then with Protein G agarose beads (GE Healthcare) for
additional 4 hours. Beads with associated proteins were washed
with IP buffer. Attached proteins were eluted with SDS loading
buffer and denatured at 95°C before SDS-PAGE and immunoblot.
Primary antibodies used in this study are listed in table S2.

Immunofluorescence assay

Cells were fixed with 4% paraformaldehyde at room temperature for
15 min and blocked with blocking solution DPBS with 10% (v/v)
donkey serum and 0.3% Triton X-100. After washing, cells were in-
cubated with primary antibodies overnight at 4°C, followed by sec-
ondary antibodies for 2 hours in dark at room temperature, and
then counterstained with 4',6-diamidino-2-phenylindole (DAPI; 5
pg/ml) for 10 min. Stains were visualized and imaged by fluores-
cence microscopy (Olympus).

EB formation

Human ESCs were treated with Accutase to obtain single cells and
then resuspended at the density of 100 cells/ul in mTesR1 in the
presence of Y-27632 (10 uM; Selleck). Single-cell drops (20 ul)
were placed on the lid of petri dishes for 24 hours, and aggregated
EBs were then collected into 6-well low attachment plates and cul-
tured in EB medium (DMEM/F12, Gibco, 10% FBS, 1% penicillin-
streptomycin) that was refreshed every 2 days. After 7-day culture,
cells were visualized and imaged using microscopy, and total RNA
was extracted for gene expression analysis by qPCR.

Biotinylated RNA pull-down assay

To synthesize biotinylated transcripts, the DNA template used in
the transcription system was generated by reverse transcription
PCR using forward primers containing the T7 RNA polymerase
promoter sequence. PCR products were purified using DNA gel ex-
traction kit (Axygen). In vitro transcription was performed using a
biotin-RNA transcription Kit (Lucigen) according to the manufac-
turer’s instructions under ribonuclease-free condition. Biotinylated
RNA (3 pg) was incubated with lysates from ten million cells for 1 to
2 hours at 4°C. Streptavidin-coupled Dynabeads (Invitrogen) were
then added to enrich the RNA-protein complex and incubated for
additional 3 to 6 hours. Washed beads were boiled in 2x SDS
loading buffer at 95°C. The retrieved proteins were separated by
SDS-PAGE and analyzed by immunoblot.

Time-course analysis of protein degradation

Cells undergoing indicated treatment were subjected to cyclohexi-
mide (100 pg/ml; Sigma-Aldrich) treatment and harvested at specif-
ic time points. Total cell lysates were separated by SDS-PAGE, and
protein levels were analyzed by immunoblot.

Ubiquitination analysis

Cells were lysed in 100 pl of 1% SDS lysis buffer. Cell lysates were
sonicated and denatured at 95°C for 15 min to disrupt protein in-
teraction and then diluted with 900 pl of IP buffer. After centrifu-
gation at 12,000g for 15 min at 4°C, a small portion of supernatant
was saved as input to detect protein expression, and majority of cell
extracts underwent IP with specific antibodies. Protein polyubiqui-
tination was examined by immunoblot analysis with antiubiquitin
antibody.
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In vitro protein-protein interaction assay

His-CDH1 protein was purchased from CUSABIO. cDNA se-
quence encoding PLK1 was cloned into the pGEX-4T vector, in
frame with GST. Recombinant proteins were expressed in the Es-
cherichia coli BL21 (DE3) strain, and GST-PLK1 were purified
and immobilized onto glutathione-agarose beads (PerkinElmer).
For in vitro binding assay, glutathione beads associated with
GST-PLK1 were incubated overnight with His-CDH]1. Purified
complexes were washed three times with IP lysis buffer and then
separated on SDS-PAGE and analyzed by Coomassie staining
and/or immunoblot.

Stable isotope tracing

For glucose tracing, H9 cells were cultured under 1% O, for 24
hours. Culture media were then refreshed with glucose-free
DMEM/F12 supplemented with *Cg-glucose (3.151 g/liter; Cam-
bridge Isotope Laboratories) and 10% knockout serum replacement
(Gibco) for 4 hours4. Cells were then washed twice with cold PBS.
Cellular metabolites were extracted as described previously (40).
Briefly, cells were added with 1 ml of 80% methanol (v/v) (pre-
chilled to —80°C) and immediately placed on dry ice. After over-
night incubation at —80°C, cells were centrifuged at 14,000g for
15 min at 4°C, and the supernatant was collected and evaporated
before metabolite analysis in the Metabolomics Facility Center in
National Protein Science Technology Center of Tsinghua Universi-
ty. Identification and quantification of metabolites were conducted
by the Dionex Ultimate 3000 ultraperformance liquid chromatog-
raphy system, coupled to a TSQ Quantiva Ultra triple-quadrupole
mass spectrometer (Thermo Fisher Scientific).

In vitro protein kinase assay

Human PLK1 kinases purified from 293T cells overexpressing PLK1
mutants (Fig. 6D) or purchased from SinoBiological (Fig. 6E) were
used to catalyze the kinase reaction. GST-HIFla (WT or mutant)
was expressed in the E. coli BL21 (DE3) strain and purified as sub-
strates. Two milligrams of the indicated GST fusion proteins were
incubated with PLK1 in the kinase buffer (Cell Signaling Technol-
ogies) together with 5 uCi of [y-32P] ATP (PerkinElmer) and 200
mM cold ATP (Cell Signaling Technologies) at 30°C for 1 hours.
Reactions were stopped by addition of SDS loading buffer, and
samples were then heated at 95°C for 5 min before analysis by
SDS-PAGE and autoradiography.

Liquid chromatography-mass spectrometry

In sample preparations, to determine HILPS-associated proteins
(Fig. 4A), biotinylated RNA pull-down samples were subjected to
SDS-PAGE. Gel slices including all proteins were excised. To iden-
tify HIF1a phosphorylation sites (fig. S5, E and F), kinases (PLK1
T210D or K82R) and GST-HIFla were incubated in the kinase
buffer together with 200 mM cold ATP at 30°C for 1 hour. Reaction
was stopped by addition of SDS loading buffer, followed by SDS-
PAGE and Coomassie blue staining. Gel bands corresponding to
GST-HIFla were excised.

Liquid chromatography—MS/MS analysis was performed in the
Protein Chemistry Facility, Center of Biomedical Analysis at Tsing-
hua University. Briefly, proteins were treated with 5 mM dithio-
threitol and 11 mM iodoacetamide, followed by gel digestion with
sequencing grade-modified trypsin at 37°C overnight. The resulting
peptides were separated by silica capillary column and eluted at a
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flow rate of 0.3 ml/min with the UltiMate 3000 high-performance
liquid chromatography system (Thermo Fisher Scientific) coupled
with the Q Exactive mass spectrometer (Thermo Fisher Scientific),
which was set in the data-dependent acquisition mode by Xcalibur
2.2 software. We then mapped the MS/MS spectra from each run
with the protein sequence from UniProt using an in-house Prote-
ome Discoverer (Thermo Fisher Scientific, version PD1.4).

Proliferation and colony formation assay in human
organoids

Human organoids maintained in culture medium for ~10 days
(reaching a density of 60 to 70%) were dissociated into single cells
using TrypLE Express (Gibco). For proliferation assay, 5000 single
cells were seeded in each well of the 96-well plate for continuing
culture. Organoid proliferation was assessed by the Cell Counting
Kit-8 (CCK-8) (APExBIO). CCK-8 reagent was added into the
wells after culture for 7 days, followed by measurement of optical
density at 450 nm. For colony formation assay, 1000 single cells
were seeded in each well of the 48-well plate for continuing
culture. Organoid counting started 10 days later. Each experiment
was performed in biological replicates.

Animal models

For cell line—derived xenograft, three million HCT116 cells resus-
pended in 50 pl of DMEM and mixed with an equal volume of Ma-
trigel (Corning) were subcutaneously injected into both flanks of
the axilla of 5-week-old female athymic nude mice (GemPharma-
tech). Tumor volumes were measured every 3 days using calipers
and calculated using the formula: length x width® x 0.5. Tumors
were collected and weighed after euthanasia. All mice were main-
tained in specific pathogen—free animal facility of Medical Research
Institute, Wuhan University, and animal experiments were per-
formed according to animal ethical regulations and with approval
from the Institutional Animal Care and Use Committee of
Wuhan University.

For patient-derived organoid-based xenograft, 5-week-old NSG
mice were purchased from Shanghai Model Organisms Center for
renal capsule transplant. Colorectal cancer organoids equivalent to
one million cells were collected and resuspended in a 20-pl mixture
of 50% Matrigel and 50% medium and then kept on ice until kidney
capsule transplantation. Mice were anesthetized with pentobarbital
sodium (40 mg/kg, i.p.). The lateral site of the left abdomen was
shaved and kept sterilized. Two-centimeter incision of the skin,
muscle, and peritoneum was made vertically to subcostal before
kidney was externalized. The kidney capsule was kept moist with
PBS during the procedure. Organoids were injected into the
kidney capsule using an insulin syringe. The incision in the perito-
neum and skin was sutured and sterilized. The engrafted mice were
euthanized 7 weeks later for tumor assessment. Mice were main-
tained in specific pathogen—free animal facility of School of Life Sci-
ences, Fudan University, and all the animal experiments were
approved by the Institutional Animal Care and compliant with
ethical regulations regarding animal research.

Statistical analysis

Statistical tests were performed with GraphPad Prism 7. P values
were calculated by unpaired two-tailed Student'’s ¢ test between
two groups or by one-way analysis of variance (ANOVA) when
comparing two groups among three or more groups. Data were
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presented as means + S.D. of triplicate experiments. For statistical
significance, *P < 0.05, **P < 0.01, and ***P < 0.001, and n.s. means
no significance.

Supplementary Materials
This PDF file includes:

Figs. S1 to S7

Tables S1 and S2
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