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Abstract

Human papillomavirus (HPV) insertions in cancer genomes have been linked to various forms of
focal genomic instability and altered expression of neighboring genes. Here we tested the
hypothesis that investigation of HPV insertions in a head and neck cancer squamous cell
carcinoma (HNSCC) cell line would identify targetable driver genes contributing to oncogenesis
of other HNSCC. In the cell line UPCI:SCC090, HPV16 integration amplified P/M1 serine/
threonine kinase gene ~16-fold, thereby increasing transcript and protein levels. We used genetic
and pharmacological approaches to inhibit PIM kinases in this and other HNSCC cell lines.
Knockdown of P/M1 transcripts by transfected short hairpin RNAs reduced UPCI:SCC090
viability. CRISPR/Cas9-mediated mutagenesis of P/M1 caused cell cycle arrest and apoptosis.
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Pharmacological inhibition of PIM family kinases decreased growth of UPCI:SCC090 and
additional HNSCC cell lines /n vitro and a xenograft UPCI:SCC090 model /n7 vivo. Based on
established interactions between intracellular signaling pathways and relatively high levels of gene
expression in almost all HNSCC, we also evaluated combinations of PIM kinase and epidermal
growth factor receptor (EGFR) inhibitors. Dual inhibition of these pathways resulted in supra-
additive cell death. These data support clinical testing of PIM inhibitors alone or in combination in
HNSCC.
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head and neck squamous cell carcinoma; human papillomavirus (HPV); PIM serine/threonine
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1. INTRODUCTION

HNSCC ranks eighth in cancer incidence worldwide [1]. While most cases are attributable to
tobacco and alcohol use, a subset of oropharyngeal cancers caused by HPV infection is
increasing markedly in incidence in numerous developed countries [2]. The transforming
ability of HPV partly has been linked to myriad functions of viral oncoproteins E6 and E7,
which functionally inactivate tumor suppressor proteins p53 and pRb, respectively. While E6
and E7 expression is sufficient for keratinocyte immortalization, secondary genetic events
also are necessary for cellular transformation and formation of cancer [3].

We previously reported a direct association between HPV insertions and various forms of
flanking host genomic instability, including amplifications, rearrangements, deletions and
translocations in human cancer cell lines and primary tumors [4]. Viral insertions frequently
were accompanied by disruption in expression of neighboring host genes. We hypothesized
that HPV-mediated alterations in gene expression or structure could serve as critical
secondary genetic events in the pathogenesis of HPV-associated cancers [4]. For example,
HPV insertions with flanking genomic rearrangements altered M YC expression in HelLa
cells [5], GUMC395, a cell line derived from a cervical neuroendocrine cancer [6], and other
cancer cell lines [7]. Marked alterations of MY C expression in these tumors may have
contributed profoundly to their formation.

In studying the HNSCC cell line UPCI:SCC090 using comprehensive genomics methods
including whole genome sequencing (WGS) and RNA sequencing (RNA-Seq), we
discovered HPV insertions flanking a 16-fold somatic amplification of A/M1 (Proviral
insertion site for Moloney murine leukemia virus MuLV), a serine/threonine kinase proto-
oncogene located on chromosome 6p21 (Fig. 1) [4]. This HPV insertion-mediated increase
in PIM1 genomic copy number was accompanied by marked increases of /M1 transcripts,
which were not associated with expression of chimeric HPV-P/M1 fusion transcripts.

The PIM kinase family (PIM1, PIMZ2, and PIM3) encodes constitutively active serine/
threonine kinases that regulate cell cycle progression and apoptosis [8]. Pim1 originally was
identified as a recurrent provirus integration site for the Moloney murine leukemia virus
(Mo-MLV), resulting in mouse T cell lymphomas [9]. These viral insertions resulted in
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transcriptional upregulation of the gene, identifying it as a targetable cancer-causing driver
gene. Subsequently, PimZ2was identified as another common viral insertion site in
transplanted mouse T cell lymphomas, suggesting its important role in cancer progression
[10]. The orthologous human gene, P/IM1, also has been reported to be overexpressed in
HNSCC [11]. Therefore, to confirm that HPV insertion-mediated alterations at /M1 were
required for the HNSCC cancer phenotype in UPCI:SCCO090 cells, we investigated the
antiproliferative and biochemical effects of genetic knockdown and small molecule
inhibition of PIM kinases. To test the hypothesis that PIM kinases also contribute to HNSCC
cancer formation more broadly, as candidate cancer-causing driver genes, we extended these
experiments in additional HNSCC cell lines.

2. MATERIALS AND METHODS

2.1. Human HNSCC cancer cell lines and primary HNSCC tumor /normal pairs

Human HNSCC cell lines FaDu (HPV-negative), SCC-4 (HPV-negative), SCC-9 (HPV-
negative), SCC-15 (HPV-negative), CAL 27 (HPV-negative), Detroit 562 (hereafter called
D562, HPV-negative), and SCC-25 (HPV-negative) were purchased from American Type
Culture Collection (ATCC) [12-15]; UM-SCC-47 (HPV-positive) and UM-SCC-104 (HPV-
positive) [15], kindly provided by Dr. Thomas Carey, University of Michigan;
UPCI:SCCO090 (HPV-positive) [16], Dr. Susanne M. Gollin, University of Pittsburgh; UD-
SCC-2 (HPV-positive) [17], Dr. Henning Bier, University of Dusseldorf; and HMS001
(HPV-positive) [4], Dr. James Rocco, Ohio State University. Cell lines were cultured
according to instructions from ATCC, and as described previously [4] and in Supplementary
Methods.

Patients with newly diagnosed oral cavity or oropharyngeal squamous cell carcinoma
presenting at Ohio State University from 2011-2016 provided written, informed consent to
participate in genomics studies [3], approved by Institutional Review Boards at Ohio State
University and at University of Texas MD Anderson Cancer Center. WGS and RNA-Seq
were performed on 101 HPV-positive HNSCC tumor/normal (T/N) pairs, including 84 in the
Ohio cohort and 17 downloaded from the TCGA website at https://gdc.cancer.gov/, and 50
HPV-negative OSCC T/N pairs including 26 from our Ohio cohort and 24 from TCGA [3].

2.2. Quantitative realtime PCR assays for PIM1 and PIM3 expression

TagMan assays to quantify PIM1 and PIM3transcript levels were performed as described in
Supplementary Methods.

2.3. Lentiviral shRNA

Knockdown of PIM1, PIM3or FOXEI was conducted using recombinant lentivirus to
express specific or control scrambled shRNA sequences in the HNSCC cell lines UD-
SCC-2, UM-SCC-47, UPCI:SCC090, CAL 27, and D562, as described in Supplementary
Methods.
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2.4. Generation of PIM1 knockout clones using CRISPR/Cas9 gene editing

CRISPR/Cas9-mediated genome editing was used to construct /M1 knockout clones
derived from UPCI:SCCQ090 parental cells. A lentiviral construct, LentiCRISPR-PIM1, was
engineered to express a custom P/MI-specific guide RNA sequence, 5’-
GTGGCGTGCAGGTCGTTGCA-3’, and functional effects of this genetic knockdown were
assessed as described in Supplementary Methods.

2.5. Analysis of protein expression and phosphorylation by Western blotting

Expression and phosphorylation levels of proteins including PIM family kinases,
downstream PIM kinase substrates and proteins upstream of the PIM signaling pathway
were evaluated in HNSCC cell lines and CRISPR knockout clones by Western blot analysis,
as described in Supplementary Methods.

2.6. Cell cycle and apoptosis analysis

Effects of PIM inhibition on the cell cycle and in inducing apoptosis were quantified using
propidium iodide (Abcam) in flow cytometry and with the AlexaFluor 488 Annexin V dead
cell apoptosis kit (Invitrogen Life Technologies), respectively, as described in
Supplementary Methods.

2.7. Mouse xenograft model

Xenograft models in nude mice were generated by injection of UPCI:SCCO090 cells. Female
nude mice (Charles River) were maintained in compliance with a protocol approved by the
Institutional Animal Care and Use Committee (Ohio State University). Mice were injected
in the flank with 1.5x108 UPCI:SCCO090 cells in a 1:1 ratio of Matrigel (Corning). Twenty
days after inoculation of cells, when tumor volumes reached ~150 to 200 mm?3, mice (n = 7)
were arbitrarily assigned to treatment twice daily via oral gavage either with 100mg/kg
INCB053914 in 5% dimethylacetamide and 0.5% methylcellulose, or vehicle. Tumor
volumes were measured every 2 days until euthanasia due to tumor growth and/or toxicity.

2.8. Dual inhibition of PIM and EGFR pathways

To assay effects of PIM pathway inhibition on cell viability, cell lines were treated with pan-
PIM inhibitor INCB053914 (Incyte Corp.) [18], or the PIM1 inhibitors Quercetagetin (Santa
Cruz Technologies) or PIM1 Inhibitor 2 (Santa Cruz Technologies), or a negative control,
DMSO, as described in Supplementary Methods. For dual inhibitor studies of the PIM and
EGFR pathways, cells were incubated with INCB053914 [18] and either erlotinib or afatinib
(Selleckchem), individually or in combination, as described in Supplementary Methods.

2.9. Informatics analysis of HNSCC samples

Informatics analysis of PIM gene copy numbers, RNA-Seq data and associations between
copy numbers and gene expression levels in primary HNSCC tumors was performed as
described in Supplementary Methods.
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3. RESULTS

3.1. HPVintegration upregulates PIM1 expression in UPCI:SCCO090 cells

We conducted WGS and RNA-Seq of UPCI:SCC090 cells and other HPV-positive and
negative HNSCC cell lines, and of primary HNSCC tumor/ normal (T/N) pairs [3, 4]. In the
HNSCC cell line UPCI:SCC090, we identified ~200 copies of HPV16 genomic DNA per
cell, and found 33 HPV-host insertional breakpoints located on Chromosomes 3p12, 6p21,
and 9922 [4]. HPV integrants on Chr. 6p21 flanked an ~16-fold amplification of PIM1, a
serine/threonine kinase gene (Fig. 1A). On Chr. 9922, HPV integrants flanked an ~7 fold
amplification of FOXEI, a member of the forkhead family of transcription factors [4].
Amplification of PIM1 was associated with high levels of P/M1 transcript and protein
expression, as assessed by RNA-Seq and Western blot (Fig. 1B, C). We detected only
minimal numbers of chimeric HPV-P/M1 fusion transcripts, insufficient to account for the
strong upregulation of P/M1 transcripts (Supp. Fig. S1). Both isoforms of PIM1 protein (i.e.
PIM1-L [large], 44kDa; and PIM1-S [small], 33kDa) were highly expressed.

3.2. PIM gene family expression varies widely in HNSCC cell lines

We measured expression of all 3 members of the P/M family of kinases in UPCI:SCC090
and additional HNSCC cell lines, including HPV-positive (i.e. UD-SCC-2 and UM-SCC-47)
and HPV-negative (i.e. CAL 27 and D562) lines. Considerable variation was detected in
PIMI mRNA expression (i.e. ranging from ~10 to 120 fragments per thousand transcripts
per million mapped reads, FPKM) and in P/IM3expression (i.e. 25-60 FPKM) based on
RNA-seq data. By contrast, /M2 expression was consistently low across these cell lines
(Fig. 1B). Quantitation of PIM1, PIM2and PIM3 expression by quantitative reverse
transcriptase mediated polymerase chain reaction (QRT-PCR) assays confirmed high
expression of PIM1 (in UPCI:SCC090, UM-SCC-47 and D562 cells) and PIM3(in UD-
SCC-2 and CAL 27 cells) (Supp. Fig. S2).

Consistent with the known regulation of P/M1 expression at a transcriptional level [8, 19],
PIM1 protein levels measured by Western blotting correlated closely with transcript levels as
measured by RNA-Seq (Fig. 1C). By contrast, encoded PIM3 protein expression levels were
not as closely associated with P/M3transcript levels. For example, based on P/M3transcript
levels, PIM3 protein levels were higher than predicted in UD-SCC-2 cells, while they were
lower than predicted in D562 cells (Fig. 1B, C). We surveyed expression of PIM1 and PIM3
proteins in additional HNSCC cell lines, again highlighting wide-ranging variability in
expression (Supp. Fig. S3).

3.3. PIM knockdown reduces cell viability

We hypothesized that HPV-mediated amplification of A/M1and FOXE1 could contribute to
cancer formation of UPCI:SCCO090 cells. Therefore, we examined a potential relationship
between expression levels of these genes and UPCI:SCCO090 cell viability. To knockdown
these genes, we obtained lentivirus vectors to express ShRNA directed against PIM1,
FOXEL1, or a scrambled shRNA sequence as a control. After anti-P/M1 shRNA was
introduced, UPCI:SCC090 cell viability was reduced by 82% as quantified by cell counting
with Trypan blue exclusion. By comparison, treatment with anti-FOXEZ shRNA reduced
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cell viability by 38%. As a control, treatment with scrambled shRNA reduced viability by
21% (Fig. 2A).

To evaluate impacts of PIM1 or PIM3knockdown on viability of additional cell lines, we
transduced UD-SCC-2, UM-SCC-47, UPCI:SCC090, CAL 27, and D562 cells each with
recombinant lentiviruses to express the respective knockdown shRNAs or scrambled control.
Knockdown of P/M1in D562 cells, which express high levels of PIMI mRNA and protein,
resulted in ~60% reduction in cell viability. By contrast, D562 cell viability was unaffected
by PIM3knockdown (Fig. 2B). The converse was true in UD-SCC-2 cells, which express
high levels of PIM3but low PIM1. By contrast, viability of UM-SCC-47 and CAL 27 cells
was unaffected by PIM1 or PIM3 shRNA knockdown, despite high expression levels of
PIM1and PIMS3, respectively (Fig. 2B), suggesting potential compensatory driver genes or
pathways in them.

3.4. Genetic knockout of PIM1 reduces UPCI:SCCO090 proliferation

Because genetic knockdown experiments involving shRNAs can produce off-target and
transient effects on phenotypes[20], we also generated stable P/M1 genetic knockout
subclones using CRISPR/Cas9 gene editing. This facilitated a comparison of their
proliferation vs. that of wildtype cells at various timepoints in culture. We designed guide
RNA s to target the first and fourth coding exons of PIM1 (Supp. Fig. S4). Five PIM1
knockout subclones (i.e. C9, C2, C5, C4, C11) were generated from parental UPCI:SCC090
cells by introduction of insertion-deletion (indel) and frameshift mutations in P/M1. Each
was confirmed by PCR amplification and Sanger sequencing of the targeted region, which
demonstrated that each subclonal line harbored both mutated and wildtype P/M1 sequences
(Supp. Fig. S5). A possible explanation for the remaining wildtype allele is that CRISPR/
Cas9 did not mutagenize all genomic copies of P/M1 per cell. Since the gene is amplified
16-fold in a concatenated array together with integrated HPV16 in parental UPCI:SCC090
cells (Supp. Fig. S1) [4], some wildtype alleles may have survived CRISPR-mediated gene
editing in resulting cell clones. An alternative explanation is that subclonal cells harboring
wildtype PIM1 persisted in mosaicism within each culture population, although each
subclone was grown up from isolated cells that were considered to be singletons. Despite
persistence of the wildtype allele in cloned lines, a 70 to 100% reduction in PIM1 protein
expression was confirmed by Western blot (Fig. 3A and Supp. Fig. S6).

These reductions in PIM1 protein expression, due to CRISPR-mediated genetic knockout in
UPCI:SCCQ090 subclones, correlated with reductions in their proliferation rates (Fig. 3B). A
nearly complete reduction of PIM1 expression in clone C11 was associated with a ~58%
reduction in proliferation rate when compared to control cells (Fig. 3B). By contrast,
minimal or more modest reductions of PIM1 expression in PIM clones C9 and C2 (Fig. 3A)
were associated with proliferation rates that were essentially unchanged when compared
with parental control cells (Fig. 3B). Upon serial passage of the CRISPR knockout clones,
we observed a gradual recovery in PIM1 protein expression accompanied by an accelerated
proliferation rate, again revealing an association between PIM1 expression levels and the
cells” proliferation rates (data not shown).
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Despite genetic knockdown of P/IM1, no change in HPV E7 oncoprotein was detected (Fig.
3). Since only minimal numbers of RNA-Seq reads were identified that documented
expression of chimeric HPV-host transcripts (Supp. Fig. S1), this result confirmed our
prediction that A/M1 disruption would not affect the autonomously expressed, independent
E7 oncogene.

3.5. Downstream consequences of PIM1 genetic knockout

To explore potential mechanisms for reduced cell proliferation of P/M1 knockout cells, we
examined phosphorylation levels of PIM1 kinase substrates in knockout clone C11. PIM1
has been shown to inhibit apoptosis through phosphorylation of Ser112 of the pro-apoptotic
BCL2-associated agonist of death promoter (BAD) protein, thereby inducing anti-apoptotic
activity of BCL2/BCL-xL and increasing cell survival [21]. Western blotting confirmed
marked decreases in PIM1, pBAD Ser112 phosphorylation and total BAD levels in the
knockout cells (Fig. 3 and Supp. Fig. S6).

PIM1 also has been shown to regulate protein synthesis downstream of the
phosphatidylinositol-4,5-bisphosphonate 3-kinase catalytic subunit alpha, AKT serine/
threonine kinase, mammalian target of rapamycin (PIK3CA/AKT/mTOR) signaling
pathway. It activates ribosomal protein S6 (RPS6, also termed S6) via phosphorylation of
Ser235/236, and inhibits eukaryotic translation initiation factor 4E-binding protein
(EIF4EBP1) via phosphorylation of Thr37 and Thr46, thereby promoting cap-dependent
translation and cell growth [22, 23]. Upon knockdown of P/M1 in UPCI:SCCO090 cells, we
observed decreased phosphorylation of pRPS6 and of EIFAEBP1 (i.e. pEIFAEBP1),
respectively, while overall RPS6 and EIF4EBP1 protein levels remained unchanged (Figs.
3C and 3D). However, upon knockdown of P/M1, we did not observe decreases in the PIM1
phosphorylation target AKT1 substrate 1 (AKT1S1) at Thr246 or in total AKT1S1 levels
(not shown), in contrast to treated leukemia cells [24].

PIM1 protein reportedly stabilizes MY C protein and promotes prostate cancer tumorigenesis
through activation of mitogen-activated protein kinase 1 (MAPK1, also termed ERK) [25].
Decreased levels of MY C protein and phosphorylated MAPK1 (termed pMAPK1,
phosphorylated at Thr 202/Tyr204) were observed in the CRISPR-generated P/M1 knockout
clone C11 when compared with control (Figs. 3C and 3D). Similarly, reduced levels of
MY C and phosphorylated MY C were observed in another CRISPR knockout clone (Supp.
Fig. S6). By contrast, both HPV16 E7 and p53 protein expression levels were unaffected by
PIM1 knockdown, arguing against an explanation for reduced cellular proliferation that
involves off-target effects on HPV oncoproteins (Fig. 3C). We conclude that reduced
proliferation and increased cell death upon P/M1 knockdown may be attributed to a
combination of factors including inhibition of protein synthesis, generation of pro-apoptotic
signals, and cell cycle arrest due to reduction in MY C function.

3.6. Pan-PIM Inhibitors inhibit HNSCC cell line growth

Genetic knockdown or knockout of P/M1 reduced UPCI-SCCO090 cells’ viability and
proliferation. These observations prompted us to investigate the effect of small molecule
inhibitors of PIM kinase activity upon cell viability in our panel of HNSCC cell lines.
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Several PIM kinase inhibitors have been developed for potential therapeutic uses. We
evaluated the anti-proliferative effects of INCB053914 [18], PIM1 Inhibitor 2 [26], and
quercetagetin [27], using neutral red and WST-1 cell viability assays (Fig. 4A, Supp. Fig.
S7). INCB053914 is a pan-PIM inhibitor, while PIM1 inhibitor 2 and quercetagetin are
competitive inhibitors of ATP binding to the PIM1 active site.

Consistent with shRNA knockdown experiments, UPCI:SCC090, UD-SCC-2 and D562 cells
each were sensitive to treatments with the pan-PIM inhibitor INCB053914 at low doses. The
doses at which growth was half-maximally inhibited (ECsg) ranged from approximately
0.045 to 8 uM (Fig. 4A). By contrast, UM-SCC-47 and CAL 27 cells were more resistant to
this drug (Fig. 4A). Similar findings were obtained upon fitting drug inhibition curves
according to a non-linear model (not shown). Treatment of seven additional HNSCC cell
lines (i.e. SCC-9, SCC15, SCC-25, HMS-001, UM-SCC-104, SCC4, and FaDu cells) with
INCB053914 revealed EC5p < 8 uM in SCC-9 and SCC15 cells (Supp. Fig. S8, Supp. Table
S1). Intotal, 5 of 12 HNSCC cell lines were at least modestly sensitive to the pan-PIM
inhibitor INCB053914, as defined by ECgy <8 uM. Similar results also were observed with
other PIM kinase inhibitors tested, i.e. PIM1 Inhibitor 2 and quercetagetin (Fig. 4B, C).

3.7. Invivo effects of PIM inhibition in UPCI:SCC090 xenograft model

To further validate our /n vitro findings that P/M1 amplification and upregulation
contributed as a driver to the malignant phenotype of UPCI:SCCO090 cells, we established a
mouse xenograft tumor model to assess functional inhibition by INCB053914 /n vivo.
UPCI:SCCO090 cells were injected bilaterally into flanks of nude mice and grown until
tumors reached 150 — 200 mm3 prior to starting drug treatments. Administration of
INCB053914, given twice daily at 100mg/kg via oral gavage for 8 days, resulted in
approximately 60% tumor growth inhibition, corresponding to an approximately 2.5-fold
decrease in mean tumor volume, relative to vehicle control (Fig. 4D). Results of this in vivo
xenograft tumor model are consistent with inhibitory doses in xenograft models of
lymphoma [18], and provide further evidence that /M1 is a driver of UPCI:SCC090’s
viability and growth as a tumor /n vivo.

3.8. INCBO053914 induces cell cycle arrest and apoptosis

We sought to evaluate the effect of pan-PIM inhibition on cell cycle progression, using flow
cytometry to assay cell lines that were either sensitive (i.e. UPCI:SCC090, UD-SCC-2) or
resistant (i.e. UM-SCC-47) to INCB053914. Treatment of UPCI:SCC090 cells with 1.25uM
INCB053914 (i.e. twice the estimated ECsg dose) for 48 hours (h) caused cell cycle arrest.
In comparison to DMSO vehicle control, the proportion of cells treated with INCB053914
that were in GO/G1 increased from 58.4% to 74.8%. Similarly, the proportion of cells in the
sub-G1 phase also increased from 0.7% to 2.8% (Supp. Table S2). The proportion of
UPCI:SCCO090 cells in late apoptosis was 0.9% in the negative control, and 18.5% after
treatment with 2.5uM INCB053914 for 48 h. The proportion of dead cells was 1.9% in the
negative control, and 16% of cells treated with INCB053914 (Supp. Fig. S9). Similar
findings were observed for the drug-sensitive cell line UD-SCC-2 (Supp. Fig. S9). By
contrast, similar treatments of a resistant cell line UM-SCC-47 resulted in minimal
alterations in cell cycle or apoptosis (Supp. Fig. S9, Supp. Table S2).
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To elucidate possible mechanisms of sensitivity or resistance to INCB053914, we evaluated
alterations in phosphorylation of PIM1 substrates by Western blot. In sensitive cell lines
such as UPCI:SCC090, UD-SCC-2, and D562, we observed a consistent, dose-dependent
decrease in pRPS6 phosphorylation at serine residues 235/236 (Supp. Fig. S10). By contrast,
levels of pRPS6 phosphorylation were essentially unchanged in resistant cells such as UM-
SCC-47 treated with a wide range of doses of INCB053914 (Supp. Fig. S11).

A functional deficiency of phosphorylated pRPS6 has been linked to reduced cell size [22,
28]. Consistent with this report, UPCI:SCC090 and UD-SCC-2 cells displayed 44% and
29% reductions in mean cell sizes, respectively, following 48 hours of exposure to 1.25uM
INCB053914. The cell sizes were measured by flow cytometry as mean forward scatter
height (FSC-H) of the gated G1 cell population. By contrast, UM-SCC-47 cells, resistant to
INCB053914, displayed only a 7% decrease in cell size upon such treatment (Supp. Fig.
S9).

When assessing phosphorylation of other PIM substrates after treatment with INCB053914,
we observed reductions in phosphorylation of BAD serine 112 in drug-sensitive
UPCI:SCC090 and D562 cells (Supp. Fig. S11). In the former cells, reductions in BAD
phosphorylation were modest, whereas they were more robust in D562 cells. By contrast, no
such inhibition was observed in drug-sensitive UD-SCC-2 cells. This indicated that
modulation of phosphorylated pBAD is not required for growth inhibition. We also did not
observe altered phosphorylation of AKT1S1 at Thr246 as previously reported [24]. Protein
levels of MY C varied with INCB053914 treatment for each cell line (Supp. Fig. S11).
Western blot analysis of UM-SCC-47 cell lysates showed an increase in inactivating
phosphorylation of EIF4EBP1 at Thr37 and Thr46, which negatively regulates cap-
dependent translation. In addition, increased activating phosphorylation of elFAE protein at
Ser209 was observed (Supp. Fig. S11). These modifications promote protein synthesis and
could contribute to modest reductions in size of UM-SCC-47 cells upon treatment with
INCB053914 (Supp. Fig. S9).

CAL 27 cells display high levels of PIM3expression, but their viability was not affected
either by pan-PIM inhibitor treatment or by genetic knockdown (Fig. 4A). Nevertheless, we
observed modest, dose-dependent reductions in phosphorylation of pRPS6 at Ser235/236
(Supp. Fig. S12) and more robust decreases in phosphorylation of BAD at Ser112,
phosphorylation of EIF4EBP1 at Thr37 and Thr46, and phosphorylation of elF4E at Ser209,
in response to treatment by pan-PIM inhibitor INCB053914 (Supp. Fig. S12). However,
expression levels of activated, phosphorylated signal transducer and activator of transcription
3 (STAT3) at Tyr705 and of PIM3 were increased upon treatment with INCB053914 (Supp.
Fig. S12). Since PIM expression has been reported to be regulated at the level of
transcription by STAT proteins, we hypothesized that CAL 27 resistance to PIM inhibition
could involve up-regulation of PIM3by interacting signaling feedback loops involving
STAT3 activation (Supp. Fig. S12).

3.9. Supra-additive inhibition of growth by pan-PIM and EGFR inhibitors

The oncogenic pathways driven by EGFR are interconnected with the complex network of
PIM signaling pathways. A recent study showed that EGF and TGF-alpha signaling through
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EGFR can induce increased expression and nuclear translocation of PIM1 in 5 HNSCC cell
lines, contributing to radiation resistance [29]. We noted that cell lines resistant to pan-PIM
inhibitors (i.e. UM-SCC-47 and CAL 27) harbored ~10-fold amplification of EGFR copy
number as shown by WGS [4], but sensitive cell lines had no such amplification (Supp.
Table S4).

To test the hypothesis that combined inhibition of both upstream EGFR and downstream
PIM1 could demonstrate supra-additivity, we assayed viability of the HNSCC cell lines
UPCI:SCC090, UD-SCC-2, UM-SCC-47, CAL 27 and D562 after 72 h exposure to various
concentrations of both INCB053914 and a small molecule EGFR inhibitor, i.e. afatinib or
erlotinib. As indicated by a combination index (Cl) <1, supra-additivity was observed with
dual inhibitor treatments at nanomolar concentrations in CAL 27 cells (Fig. 5, Supp. Table
S3). For example, the ECs of INCB053914 for CAL 27 decreased from 20uM to less than
1.5uM upon addition of 0.05uM of afatinib. Supra-additivity also was observed in sensitive
cell lines (i.e. UPCI:SCCO090 and UD-SCC-2), and to a lesser extent in resistant D562 and
UM-SCC-47 cells (Fig. 5, Supp. Fig. S13, Supp. Table S3). The EC5g of INCB053914 for
UM-SCC-47 decreased from 30uM to less than 1.5uM upon addition of 0.3125uM of
afatinib (Supp. Fig. S13, Supp. Table S3). These data support the hypothesis that combined
inhibition of the EGFR and PIM signaling pathways may overcome resistance mechanisms
that thwart single agent treatments.

3.10. PIM expression in primary tumors

We identified mutations, copy number changes, and expression levels of P/M family genes
and £GFR in HPV-positive (n = 101) and HPV-negative (n = 50) primary oral and
oropharyngeal squamous cell carcinomas by analyzing WGS and RNA-seq data from
samples in our Ohio cohort or downloaded from the Cancer Genome Atlas project (TCGA)
[3]. Mutation analysis did not reveal any mutations in the /M family genes. However, PIM
family gene amplification (defined as copy number > 2.5) was identified in 22 (14.6%) of
151 primary HNSCC tumors (Supp. Table S5). These were identified more frequently in 101
HPV-positive HNSCC (PIM1, n=6; PIM2, n=11; PIM3, n=1; total 17.8%) than in 50 HPV-
negative tumors (all PIM family members, n=4; total 8%). We also observed EGFR
amplification in 2 (2.0%) of 101 HPV-positive tumors and in 14 (28%) of 50 HPV-negative
tumors (Supp. Table S5).

Mean PIMI mRNA expression levels were significantly higher in tumors with PIM1 copy
number amplification (expressed as log,(transcript fragments per kilobase million), TPM),
Supp. Fig. S14). However, similar associations were not observed for PIMZ2or PIM3 (Supp.
Fig. S15). Mean EGFR expression levels were significantly higher in tumors with EGFR
amplification (Supp. Fig. S14), as previously reported [30, 31]. However, EGFR copy
number amplification was not associated with P/M gene expression in our panel of HNSCC
cell lines (Supp. Fig. S16).

RNA-seq analysis of the 151 primary HNSCC tumors revealed high levels of expression
(defined as TPM = 30) of PIM1, PIMZ, and PIM3in 146 (96.7%), 75 (49.7%) and 151
(100%) of the samples, respectively (Fig. 6, Supp. Table S6). When compared with
expression of all annotated genes across these primary HNSCC tumors, median PIM1
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transcript levels ranked in the top 6.5th percentile, P/IMZ2ranked in the 21.4th percentile,
PIM3ranked in the top 1.3rd percentile and £GFRranked in the 7.7th percentile (Fig. 6). By
comparison, based on the same definition, only ~23% of 18,640 RefSeq genes were
expressed at these high median levels across the 151 HNSCC samples (Fig. 6). While high
levels of PIM1and PIM3 expression were detected in almost all of the HPV-positive and
HPV-negative HNSCC tumors, high levels of PIMZ2expression were identified in a majority
of only the HPV-positive tumors (Supp. Table S6). EGFR was highly expressed (TPM = 30)
in 134 (88.7%) of the HNSCC tumors studied.

4. DISCUSSION

The transforming ability of HPV has been attributed primarily to inactivation of host p53
and pRb family members by viral E6 and E7 oncoproteins, respectively [32]. While
expression of E6 and E7 is essential to the viral life cycle and sufficient for cellular
immortalization, secondary genetic events are necessary for development of cancer.
Analyses of genomic landscapes of HNSCC [3, 33, 34] and cervical cancers [35] by next
generation DNA sequencing have identified numerous recurrent somatic mutations and
genomic structural rearrangements. We and others have reported that HPV can act as an
insertional mutagen, wherein HPV integration is directly associated with alterations in host
genome structure and expression [4, 5, 7, 36]. We hypothesize that resulting alterations can
drive clonal selection and are necessary for the malignant phenotype, and the data presented
here support this hypothesis. As reported here, the study of HPV integration has led to the
identification of a candidate driver gene (i.e. PIM1 kinase) that is a rational target for
therapeutic agent development in HNSCC. Notably, groundbreaking studies of Mo-MuLV
insertions in mouse lymphomas led to the initial identification of members of the same
family of serine/threonine kinase genes [9, 10], activated by genomic insertions of a distinct
virus in a different species and tissue type, again driving cancer formation or progression.

We previously showed that HPV insertion at A/M1 in the HNSCC cell line UPCI:SCC090
was associated with flanking genomic amplification and markedly increased expression of
that serine/threonine kinase gene [4]. The 16-fold amplification of the P/IM1 gene, its
marked overexpression, and its well-documented role as a candidate oncogene in other
cancers [37, 38] prompted us to investigate the hypothesis that the large-scale upregulation
of PIM1in UPCI:SCCO090 cells, attributable to virus integration, could have contributed to
the malignant phenotype and formation of this particular HNSCC [39]. We detected very
low expression levels of chimeric HPV-P/M1 fusion transcripts, which we concluded were
insufficient to account for the strong upregulation of P/M1. We experimentally inhibited
PIM1in UPCI:SCCO090 cells at the DNA, RNA, and protein levels, using CRISPR-mediated
genome editing, ShRNA inhibition, and several pharmacological inhibitors. Resulting
reductions of PIM1 serine/threonine kinase activity consistently were associated with
decreased UPCI:SCCO090 cell viability and proliferation, and also resulted in well-
documented changes in phosphorylation of PIM substrates. Treatment with the pan-PIM
inhibitor INCB053914 significantly decreased both UPCI:SCCO090 cell growth /n vitro and
tumor volume in a mouse xenograft model /n vivo. The growth of additional HNSCC cell
lines also was inhibited by similar experimental treatments.
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Subclonal cells derived from UPCI:SCC090 that underwent CRISPR/Cas9-mediated genetic
mutagenesis of /M1 displayed no changes in HPV E7 expression (Fig. 3). This result was
expected, since minimal chimeric HPV-P/M1 fusion transcripts were detected in parental
cells (Supp. Fig. S1). These proof-of-principle data support the hypothesis that HPV-
mediated genetic rearrangements could alter expression, structure and function of candidate
cancer-causing driver genes, and thereby contribute directly to cancer formation independent
of viral oncogene expression. Comparable evidence was obtained in HPV-positive cervical
neuroendocrine cancer GUMC395 cells, where experimental knockdown of MY C adjacent
to sites of HPV integration resulted in decreased cell viability. These effects again were
independent of the viral E6 and E7 transcripts [6].

PIM1 overexpression has been identified in HNSCC compared with matched normal
controls, and has been associated with poor survival [11, 29, 40]. Here, we identified high
levels of expression of at least one member of the PIM kinase family in almost all primary
HNSCC (Fig. 6, Supp. Table S6). We attributed this finding in part to genomic copy number
gains at these genes, found in ~13% of HNSCC. Overexpression of PIM family kinases also
has been reported in numerous hematological malignancies and other solid tumors,
including Hodgkin lymphoma [41], multiple myeloma [42], prostate [43], pancreatic [44]
and triple negative breast cancers [45]. PIM kinase overexpression may contribute to
chemotherapy resistance [46] and cellular survival by blocking apoptotic cell death in the
context of oncogene-induced stress [47] and hypoxia [48].

In the case of the UPCI:SCCO090 cell line, PIM1 overexpression was attributable to HPV-
integrant mediated amplification, but we observed P/M family kinases to be overexpressed
in other cell lines. This is likely because PIM1 kinase is downstream of several cellular
signaling pathways frequently activated by host genetic alterations in HNSCC, including the
PIK3CA/AKT/mTOR, EGFR and NFKB signaling pathways [3, 49]. PIM1 also increases
the stability and transcriptional activity of MYC [50], and the PIM kinases and MYC are
recognized oncogenic collaborators in cellular transformation [8]. The substrates of PIM
kinase phosphorylation in turn regulate several critical cellular processes, including cell
cycle progression (e.g. p21, p27), cell growth (e.g. elF4E, 4EPB2), and cell death (e.g. BAD,
BCL2; Fig. 3D) [8]. As a regulator of cell metabolism and growth, PIM1 phosphorylates
several substrates in the PIK3CA/AKT/mTOR pathway. PIM1 inactivates negative
regulators of this pathway (i.e. TSC2 and AKT1S1) and promotes pathway activation
through elF4B phosphorylation. As shown here, sensitivity to INCB053914 was linked to
reduced levels of phosphorylated pRPS6 protein.

In several experimental models of other solid tumors, overexpression of PIM kinases has
been implicated in resistance to PIK3CA/AKT/mTOR inhibitors. For example, in breast
cancer cells treated with PI3K inhibitors, upregulation of P/M1 serves as a secondary
resistance mechanism [51]. Similarly, resistance to PI3K-AKT inhibition in a prostate cancer
model is mediated by PIM1 kinase [52]. In this latter model, PIM1 increased translation of
the transcription factor NFR2 and downstream regulators of ROS scavengers and
metabolism, promoting cell survival [53]. Treatment with a combination of PI3K/AKT and
PIM kinase inhibitors overcame this resistance [52].
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Several HNSCC cell lines with high PIM expression demonstrated sensitivity to PIM
inhibitors. However, we also found that a few cell lines with high levels of PIM1and PIM3
expression, respectively, were nevertheless resistant to PIM inhibition (i.e. UM-SCC-47 and
CAL 27), in agreement with a previous report about PIM in other cancers [46]. Further
analysis of factors upstream and downstream of PIM suggested potential mechanisms of
resistance. Treatment of CAL 27 cells with INCB053914 induced compensatory STA73
activation and increased P/M3expression. By contrast, treatment of UM-SCC-47 cells
resulted in increased phosphorylation of EIF4EBP1 and elF4E proteins, suggesting
alternative mechanisms of mTOR pathway activation. Both cell lines harbor EGFR gene
amplification [4], raising the possibility that increased signaling through the activated EGFR
pathway might promote PIM inhibitor resistance.

Based on these findings, we inferred that frequent, aberrant activation of signaling pathways
upstream of PIM1 (including the EGFR and PIK3CA/AKT/mTOR pathways) in HNSCC
could result in decreased sensitivity to PIM inhibition (Fig. 3D). Therefore, we tested effects
of dual PIM and EGFR inhibition. We found strong supra-additivity in cell lines treated with
various combined doses of inhibitors, regardless of their sensitivity to PIM inhibition alone.
These data demonstrating supra-additivity in HNSCC are consistent with recently
demonstrated synergy between PIM inhibitors and PI3K inhibitors in prostate cancer [54],
MET inhibitors in lung cancer[55], mTOR inhibitors in leukemia [56] and Janus kinase
(JAK) inhibitors in myeloproliferative neoplasms [57, 58].

We note that multiple mechanisms of resistance to EGFR inhibitors may limit their efficacy
in the clinic, including acquisition of secondary £GFR mutations, synchronous activation of
redundant receptor tyrosine kinases (e.g. c-Met or G-protein-coupled receptors), and
aberrant activation of bypass pathways including the MAPK, RAS and PI3K/AKT pathways
which maintain mitogenic signaling [59, 60]. Several proteins in these pathways activate
PIM family kinases.

In summary, HPV insertion-mediated amplification of A/M1 in an HNSCC cell line
prompted us to investigate that kinase gene’s functional roles in cancer cell viability and
growth. The preclinical data shown here strongly suggest that the use of PIM inhibitors in
HNSCC could provide a promising new therapeutic approach. In addition, since PIM
kinases are involved in several signaling pathways dysregulated in cancer, including the
EGFR pathway, the future clinical development of PIM inhibitors could be enhanced by
studies of synergistic combinations of therapeutic agents that inhibit multiple targets in such
pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

By studying targets of HPV integration in UPCI:SCC090 HNSCC cells, we
identified the PIM family of serine/threonine kinases as targetable cancer
driver genes

Expression of P/IM1 and/or PIM family members was experimentally
decreased using several genetic and pharmacological approaches in this and
additional HNSCC cell lines, resulting in cell death in vitro and in xenograft
models in vivo.

PIM family kinases were found to be highly expressed in almost all head and
neck cancers.

Synergistic cell death occurred when EGFR inhibitors were combined with
PIM kinase inhibitors.

These findings provide a strong rationale for clinical trials of combined EGFR
and PIM kinase inhibitors for recurrent metastatic HNSCC.

Cancer Lett. Author manuscript; available in PMC 2020 May 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Broutian et al. Page 20

A

1200 | h UPCI:SCC090
O. et Diaiien, &

281 | |30 |
_ | i | ]
T e T e
Chr. 6 (Mb): 37.12 37.14 PIM1 37.16 37.18 TMEM217
B » PIM1
100 m PIM2
S 7 PIM3
< 80
\'-'_-' -
5 60-
;-
5_40-
é -
2"
0| m—— H_
UD-SCC-2 UM-SCC-47 UPCI:SCC090 CAL 27 D562
cell line
C b s
~ Y O ~ Y 3
(&) Q &) O Q O
0o © wu k- o o o K
® @ o L 0« ®» % & 4 g
) = o < 0 o) = o < 0
-] -] o Q (] - - - (@] (]

i

Pvi-L e S P2 —

PIM1-S - L E_ les‘w P i B

B-tubulin PPN EED  (huin e —— Y —

Figure 1. HPV-mediated genomic amplification and expression of PIM1 in HNSCC cell lines.
(A) HPV integrant-mediated genomic amplification of the /M1 locus in UPCI:SCC090

HNSCC cells. (70p) Histograms show ()-axis) depth of WGS coverage by (b6/ue) well-
aligned sequence reads, and (middle) counts of (rea) HPV insertional and (gray) host-host
breakpoint reads in UPCI:SCC090 cells, mapped to the (bottom) reference human genome
(hg19) at (x-axis) the PIM1 locus on Chr. 6 (bottom, gene schematics, chromosomal
coordinates in Mb). Reproduced from Akagi et al. with permission [4]. See also Supp. Fig.
S1. (B) RNA-seq expression levels (y-axis; FPKM) of PIM1, PIMZand PIM3transcripts
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expressed in HNSCC cell lines (i.e. UD-SCC-2, UM-SCC-47, UPCI:SCC090, CAL 27,
D562). (C) Western blot analysis of PIM1 (L, long and S, short isoforms), PIM2, and PIM3
expressed in panel of HNSCC cell lines, with beta-tubulin as loading control. Arrows,
expected protein mass.
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Figure 2. Anti-PIM1 shRNA compromises cell viability.
(A) UPCI:SCC090 cells were transduced with lentivirus expressing shRNAs with indicated

targets of scrambled control (scr. control), FOXEZ1 or PIMI, or no lentivirus. Cell viability
was determined by trypan blue exclusion using a hemacytometer in light microscopy.
Barplots, mean of duplicate cell counts; error bars, range of data. (B) HPV-positive (UD-
SCC-2, UM-SCC-47, UPCI:SCC090) and HPV negative (CAL 27, D562) OSCC cell lines
were transduced with lentivirus expressing ShRNAs with indicated targets of scrambled
control, PIM1 or PIM3, or no lentivirus. Barplots, mean of duplicate cell counts; error bars,
range.
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Figure 3. PIM1 knockout in UPCI:SCCO090 cells reveals genetic driver of cell viability and
proliferation.

(A) Western blot analysis of PIM1 expression and (B) cell proliferation curves ()y-axis,
Log10 average cell count) of parental UPCI:SCC090 cell line, 2 negative controls (empty
vector mock-edited by CRISPR, clones C1, C2), and 5 /M1 knockout clones (gene edited
by CRISPR, clones C9, C2, C5, C4, C11) cultured over time (x-axis, days). Key: colors,
symbols: cell clones. Slopes of linear regression lines indicative of growth rates are:
parental, 0.157; empty C1,0.156; empty C2, 0.157; PIM1 C9, 0.135; PIM1 C2, 0.148; PIM1
C5, 0.104; PIM1 C4,0.121; and PIM1 C11, 0.066. Error bars, range of cell counts in
duplicate wells. (C) Western blot analysis of downstream proteins and phosphorylation
targets of PIM1, in a selected P/M1 knockout clone derived from UPCI:SCCO090 cells by
CRISPR gene editing, compared with parental UPCI:SCC090 control cells. (D) Schematic
of possible mechanism of resistance in response to PIM inhibition in HNSCC cells such as
CAL 27 cells, through feedback loops involving increased expression of PIM protein
through STAT activation. Downstream targets of PIM kinases are displayed showing
activating (green) and inactivating (orange) phosphorylation, and biological responses
associated with these signaling interactions. GF, growth factor ligand, e.g. EGF, epidermal
growth factor; RTK, receptor tyrosine kinase, e.g. EGFR, epidermal growth factor receptor;
STAT, signal transducer and activator of transcription. See also Supp. Figs. S6 and S11.
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Figure 4. Sensitivity of HNSCC cell lines to PIM inhibitors, in vitro and in vivo.
(A-C) Various cell lines (legend, color symbols) were treated with (A) INCB053914; (B)

PIM1 inhibitor 2; or (C) quercetagetin at indicated concentrations (x-ax/s) for 72 h. Cell
viability was assessed using neutral red assay ()-axis, normalized to DMSO control). Data
represent averages of triplicate wells normalized to DMSO control. Error bars, standard
deviation. (D) Nude mice injected with UPCI:SCCO090 cells (day 0) were treated twice daily
with either vehicle or INCB053914 via oral gavage, starting on day 20. Mean tumor volume
(y-axis) was assessed for 8 days (x-axis), error bars, standard deviation (n = 7 mice).
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Figure 5. Synergistic cell death upon targeting EGFR and PIM kinases.
Cells were treated with INCB053914 (y-ax/s) and EGFR inhibitor (x-ax/s) alone or in

combination at established effective dilutions (ED). Relative cell viability (z-axis) after 72
hours was normalized to DMSO control. Dual inhibitor treatments that display synergy
(combination index (CI) <1) are highlighted, purple. Data represent average of triplicate
wells normalized to DMSO control. Concentrations of inhibitor at each Drug ED are
provided in Supp. Table S3. (A, B) UPCI:SCC090, (C, D) UD-SCC-2 and (E, F) CAL 27
cells were treated with (A) afatinib or (B) erlotinib.
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Figure 6. The PIM kinase genes and EGFR are highly expressed in HNSCC.
The histogram shows the distribution of median gene expression levels in 151 primary

human HNSCC tumors for each of 18,640 genes [3]. After normalization and batch
correction of RNA-seq data, genes expressed in at least in one sample (log2(TPM + 1) > 0)
were compared. Gencode v18 genes were used as a reference set of annotated genes for
comparison of expression. X-axis, median of transcript levels for each gene across all
HNSCC samples (transformed as log2 TPM+1), ranging from 0.014 to 13.7; y-axis, number
of genes. Blue vertical lines, 10g2 transformed median expression levels of PIM1=6.51 (top
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6.5th percentile), PIM2=4.94 (21.4th percentile), PINM3=8.43 (1.3rd percentile) and EGFR
= 6.29 (7.7th percentile).
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