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Abstract

The maintenance of telomere length supports repetitive cell division and therefore plays a central
role in cancer development and progression. Telomeres are extended by either the enzyme
telomerase or the alternative lengthening of telomeres (ALT) pathway. Here, we found that

the telomere-associated protein SLXA4IP dictates telomere proteome composition by recruiting
and activating the E3 SUMO ligase PIAS1 to the SLX4 complex. PIAS1 SUMOylated the
telomere-binding protein RAP1, which disrupted its interaction with the telomere-binding protein
TRF2 and facilitated its nucleocytoplasmic shuttling. In the cytosol, RAP1 bound to 1«B kinase
(IKK), resulting in activation of the transcription factor NF-xB and its induction of Jagged-1
expression, which promoted Notch signaling and the institution of ALT. This axis could be
targeted therapeutically in ALT-driven cancers and in tumor cells that develop resistance to
anti-telomerase therapies. Our results illuminate the mechanisms underlying SLX41P-dependent
telomere plasticity and demonstrate the role of telomere proteins in directly coordinating
intracellular signaling and telomere maintenance dynamics.
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INTRODUCTION

During cell division, the genome loses DNA content as a consequence of asymmetric
nascent strand synthesis (1). In addition, the exposed ends of linear chromosomes can

be interpreted by the cell as double-strand breaks, thereby initiating aberrant DNA

damage responses (DDRs) and chromosome end-to-end fusions culminating in widespread
genomic instability (2). These end-replication and end-protection problems require that
chromosome ends contain a DNA sequence that buffers against loss of genetic information
while simultaneously shielding these regions from the DNA damage machinery. These
parallel events are mediated by telomeres, which in humans are composed of a repetitive
(TTAGGG), sequence coated by a hexameric protein complex termed shelterin (3). Double-
stranded telomere DNA is tightly bound by the telomere repeat-binding factors (TRF1 and
TRF2) (4). This complex terminates in a 3" single-stranded overhang that is bound by
protection of telomeres 1 (POT1), which serves to sequester free DNA ends and prevent
DDR activation (5). TRF1, TRF2, and POT1 further coordinate telomere protection by
recruiting the remaining shelterin components: TRF1-interacting nuclear factor 2 (TIN2),
TPP1 (also known as adrenocortical dysplasia), and repressor-activator protein 1 (RAP1;
also known as TERF2IP) (6-8). TPP1 and TIN2 appear to play important roles in telomere
length regulation (9, 10). RAP1 remains largely uncharacterized but is known to inhibit
homologous recombination (HR) at telomeres, which, if left unchecked, serves as a source
for both anomalous telomere extension and telomere DNA damage (11, 12).

In addition to shelterin, telomeres contain numerous proteins that are involved in regulating
their length. Two primary telomere maintenance mechanisms (TMMSs) exist: (7) telomerase,
which is a ribonucleoprotein holoenzyme composed of a core reverse transcriptase (TERT)
and RNA template for DNA synthesis (TR) (13); and (7)) Alternative Lengthening of
Telomeres (ALT), which engages HR for telomere extension by a specialized replisome

in a manner that resembles break-induced DNA synthesis (14, 15). ALT relies upon the
coordinated actions of the HR proteins RAD51 and RAD52 (15, 16), DNA polymerase &
(14), the BLM helicase (17, 18), and the structure-specific endonuclease scaffold SLX4
(17-21). ALT and telomerase are normally suppressed in somatic cells; however, they can
become operant under both physiologic and pathologic conditions. For instance, cancer
cells must activate TMMs in order to achieve replicative immortality (22), leading to the
acquisition of aggressive phenotypes, including metastasis and therapeutic resistance (23,
24). Thus, elucidating the molecular dynamics of telomere homeostasis is essential to
understanding the fundamental hallmarks of cancer and their role in the development of
clinically intractable disease.

Besides their roles in regulating telomere dynamics, telomere proteins possess a variety of
extratelomeric functions, including genome organization (25-27), DNA damage repair (28),
and signal transduction (29-31). Notably, RAP1 coordinates gene expression by binding to
target chromatin regions (32). Moreover, loss of RAP1 produces metabolic derangements
due to alterations in the expression of factors that regulate metabolism and mitochondrial
function (33). In addition, RAP1 potentiates NF-xB signaling by binding and activating the
IxB kinase (IKK) (34) and mediates additional cellular responses by modulating mitogen-
activated protein kinase activity (35). By expanding their functional repertoire beyond
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protecting telomeres and maintaining genome stability, RAP1 and other telomere proteins
influence signaling events that play critical roles in a host of processes, including tumor
development and progression.

Previously, we characterized SLX4-interacting protein (SLX4IP) as a key mediator of breast
cancer metastasis and therapeutic sensitivity by controlling the dynamic interplay between
telomerase and ALT (36). However, the mechanisms whereby SLX4IP accomplishes these
activities remain incompletely understood. In the present study, we show that SLX4IP
helped to establish the composition of the telomere proteome, doing so by modulating the
activity of the SLX4-associated E3 SUMO ligase Protein Inhibitor of Activated STAT1
(PIAS1). In particular, PIAS1 SUMOylated RAP1, which promoted its interaction with IKK
and subsequent activation of NF-xB and Notch signaling. Ultimately, these signaling events
helped to establish TMM identity and determine the sensitivity of cancer cells with distinct
TMMs to therapies targeting NF-xB and Notch.

SLX4IP regulates the composition of the telomere proteome

SLX4IP oversees a dynamic interplay between ALT and telomerase (18, 36, 37). In

order to better understand how SLX4IP dictates these events, we performed proteomics

of isolated chromatin segments (PICh) (38) to quantitatively characterize the telomere
proteomes of SLX4IP-proficient and -deficient U20S osteosarcoma cells (36), which are

a prototypical model of ALT (Fig. 1A and Data File S1). In doing so, we successfully
enriched for telomere-associated proteins (Fig. 1B), with several of these factors exhibiting
differential abundance as a function of SLX4IP expression, including TIN2 and RAP1
(Fig. 1C). Additionally, proteins involved in HR, including NBS1 and MRE11 were
selectively localized to telomeres in ALT cells harboring wild-type SLX4IP expression
levels. In contrast, proteins involved in DNA damage and double-strand break (DSB) repair,
including Ku70, Ku80, poly(ADP-ribose) polymerase (PARP1), and replication protein A
subunit 1 (RPA1), were enriched at the telomeres of SLX4IP-depleted cells. Protein-protein
interaction analysis further revealed a preferential increase in the formation of RAP1: TRF2
complexes and assembly of Ku-containing DSB repair complexes upon SLX4IP depletion
(Fig. 1D). These events may reflect a shift in telomeric RAP1 abundance (Fig. 1C) and its
ability to recruit and inhibit the nonhomologous end-joining machinery at telomeres (39,
40). Lastly, we investigated the molecular functions that may be affected by the observed
changes in telomere protein abundance. Using Gene Ontology (GO) enrichment, we found
several signatures indicative of the core telomere protection complex. Importantly, this
cohort contained proteins involved in unexpected processes, such as nucleotide binding
and post-translational modification (PTM) by ubiquitin or ubiquitin-like proteins (Fig. 1E).
Taken together, these findings provide insight into potential mechanisms whereby SLX4IP
determines telomere proteome composition and TMM identity, namely via the recruitment
and stabilization of RAP1.
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SLX4IP stimulates RAP1 SUMOylation by PIAS1

Although dynamic alterations to the telomere proteome likely underlie the function of
SLX4IP in controlling telomere homeostasis (described above), the mechanisms whereby
SLX4IP dictates telomere proteome composition remained unclear. We began to address this
question by examining the known functions of the SLX4 complex (41). Notably, the SLX4
complex has functional ties with PTMs, including (7) phosphorylation through its interaction
with the Polo-like kinase PLK1 (42); and (7;) ubiquitination and SUMOylation through its
ubiquitin- and SUMO-binding properties, leading to the SUMOQylation of XPF and of SLX4
itself (43-45). Intriguingly, our PICh analyses revealed differential abundance of multiple
SUMO isoforms (SUMO2, -3, and —-4), as well as a characteristic signature associated

with ubiquitin-like protein ligation (Fig. 1, C and E). Moreover, SLX4IP possesses putative
SUMO-interacting motifs (SIMs) (18), which led us to investigate the hypothesis that
SLX4IP directs the SUMOylation of specific proteins that establish TMM identity.

Accordingly, SLX4IP influenced the SUMOylation of multiple target proteins, including
core shelterin components (Fig. 2A and fig. S1A) that are known to undergo SUMOylation
(46). In addition, we found that several other proteins identified by our PICh analyses
were differentially SUMOylated in the presence of SLX4IP, including Ku70, PARP, and
RPAL (fig. S1B). Interestingly, SUMOylation of XPF, a member of the SLX4 complex
known to undergo SLX4-dependent SUMOylation (43), was diminished by the loss of
SLX4IP (fig. SLA). We focused our investigations on RAP1 because (7) its SUMOylation
was significantly reduced upon SLX4IP depletion (Fig. 2A and fig. S1, C and D); and (7i)
it plays a putative role in ALT by inhibiting HR at telomeres (11) and aiding in assembly
of ALT-associated promyelocytic leukemia (PML) bodies (APBs) (47). Accordingly, RAP1
SUMOylation was lost in D2.OR cells rendered deficient in SLX4IP expression, an event
that was restored upon SLX4IP rescue (Fig. 2B). Critically, SUMOylation of RAP1 was
dependent upon the SUMO ligase activity associated with SLX4, as RAP1 SUMOylation
was reduced in the presence of an SLX4 mutant that fails to promote XPF SUMOylation
(SLX4-SIMMUL: Fig. 2C) (43). These results implicate SLX4IP as an SLX4-dependent
effector of SUMOylation whose targets encompass a diverse set of telomere-binding
proteins, including RAPL.

Structural predictions suggest that SLX4IP is composed of a stable N-terminal domain

(fig. S2A) and a highly disordered C-terminal domain (fig. S2B), neither of which is
conserved among previously characterized SUMO ligases (fig. S2, C to E). Therefore,

we determined whether SLX4IP regulates the recruitment or activity of the SUMOylation
machinery. In doing so, we observed a SLX4IP-dependent reduction in SLX4 binding to
the E3 SUMO ligase PIAS1 (Fig. 2D), which was previously found to regulate TRF2
stability (48). In contrast, SLX4IP depletion did not alter the ability of SLX4 to interact
with (7)the E3 SUMO ligase MMS21, which regulates ALT via shelterin SUMOQylation
(46); or (7)) the E2 SUMO carrier protein UBC9, which has been shown to complex with
SLX4 and facilitate its associated SUMO ligase activity (Fig. 2D) (43). In addition to
recruitment, SLX4IP enhanced PIAS1-mediated SUMOylation of RAP1 (Fig. 2, E and F,
and fig. S3). Conversely, expression of a catalytically inactive PIAS1 mutant (C350A; (49))
abrogated RAP1 SUMOylation (Fig. 2, G and H). Collectively, our findings establish SLX4

Sci Signal. Author manuscript; available in PMC 2021 December 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Robinson et al.

Page 5

and SLX4IP as essential regulators of PIAS1 activity and assert PIAS1 as the catalytic
component operant in SUMOylating RAPL.

RAP1 SUMOylation underlies SLX4IP-dependent telomere plasticity

As an initial step in determining the functional significance of RAP1 SUMOylation by
PIAS1, we employed multiple SUMO site prediction tools (50, 51) to systematically
identify potential sites of SUMOylation within the human RAP1 protein. These analyses
independently revealed that lysine-240 (Lys?40) is positioned within the strong consensus
SUMOylation motif [y]-K-[x]-[D/E], where  is a hydrophobic, branched-chain amino
acid and x is any amino acid (fig. S4A). Notably, Lys?40 was previously identified as a
potential site of SUMOylation in RAP1 through large-scale SUMO proteomic analyses (52—
54). As such, we generated a putative SUMO-deficient RAP1 mutant (K240R) and assessed
the impact of this mutation on SUMOylation and other lysine-directed PTMs. Notably,
K240R-RAP1 exhibited a marked decrease in SUMOQylation, with minimal alteration in
acetylation and ubiquitination (Fig. 3A). Mutation of Lys240 also produced a reduction in
RAP1 methylation, which could potentially impact RAP1 DNA binding or its interactions
with other proteins (55). Nevertheless, our results demonstrate that RAP1 is SUMOylated at
Lys240,

Because SLX4IP functions as a molecular toggle between TMMs (36), we endeavored to
determine whether this activity is regulated by PIAS1-mediated SUMOylation of RAP1.

In doing so, we assayed markers of both ALT and telomerase, including (7) APBs;

(7i) extrachromosomal telomere repeat-containing circular DNAs (C-circles); (7/i) TERT
expression and telomerase activity; and (7v) expression of the chromatin remodelers ATRX
and DAXX, whose inactivation is associated with ALT (36). Significantly, U20S cells
expressing SUMO-deficient K240R-RAP1 harbored fewer C-circles (Fig. 3B) and APBs
(Fig. 3, C and D) than their wild-type RAP1-expressing counterparts. Moreover, cells
expressing K240R-RAP1 underwent an ALT-to-telomerase transcriptional reprogramming,
as evidenced by increased TERT and DAXX expression to levels similar to those

observed in telomerase-positive, SLX41P-depleted cells (Fig. 3E). This stimulation of TERT
expression produced a coincident increase in telomerase activity (Fig. 3F and fig. S5) and
shorter telomeres (Fig. 3G), further indicating a transition from ALT to telomerase as the
predominant TMM in cells expressing K240R-RAP1 (56, 57). Finally, the Lys?40 SUMO
motif in human RAP1 is highly conserved in mammals, including Lys23 in Mus musculus
(fig. S4B). Importantly, engineering D2.0R cells to express K237R-RAP1 produced a sharp
increase in TERT expression (Fig. 3H) and a dramatic decrease in APB abundance (Fig.

3, I 'and J), which serve as markers of TMM identity in these cells (36). Collectively, our
findings connect the function of SLX4IP in modulating RAP1 SUMOylation to its role in
dictating telomere plasticity.

RAP1 SUMOylation promotes activation of IKK and inhibition of telomerase

Given that SUMOylation plays a critical role in regulating the subcellular localization
of proteins (58), we sought to elucidate the fate of SUMOylated RAP1 and examine
its potential in mediating SLX4IP-dependent TMM plasticity. In the cytosol, RAP1
complexes with the p subunit of IKK (IKK), which activates IKK and NF-xB
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signaling (34). Accordingly, RAP1 underwent nucleocytoplasmic shuttling in parental U20S
cells; however, this cytoplasmic fraction was lost when SLX4IP expression or RAP1
SUMOylation were diminished (Fig. 4, A and B). Along the same lines, RAP1 interacted
robustly with IKK in U20S (Fig. 4C) and Saos-2 cells (fig. S6A), while SLX4IP depletion
diminished this interaction and bolstered RAP1 binding to TRF2 and SLX4 (Fig. 4C).
Moreover, IKK enzymatic activity was substantially decreased following SLX4IP ablation in
U20S cells (Fig. 4D). Notably, D2.0OR cells exhibited a transcriptomic profile characteristic
of elevated IKK activity, a state that was lost subsequent to SLX4IP knockdown (Fig. 4E and
fig. S6B). Thus, the formation of highly active RAP1:IKK complexes is contingent upon the
presence of SLX4IP.

Prompted by these findings, we next interrogated the functional connection between

RAP1 SUMOylation, IKK signaling, and TMM identity. Remarkably, expression of SUMO-
deficient K240R-RAP1 produced a marked decrease in NF-xB signaling (Fig. 4F). In
addition, blocking SUMOylation diminished RAP1:1KKp binding in both U20S (Fig. 4G)
and D2.0R cells (Fig. 4H). Disruption of RAP1 binding to IKKp yielded a concomitant
reduction in IKK activity (Fig. 41 and fig. S6C) and binding of the NF-xB subunit, p65, to
its target DNA (Fig. 4J). Importantly, NF-xB signaling played a direct role in establishing
TMM identity, as evidenced by a (7) sharp decrease in TERT expression following NF-xB
stimulation with tumor necrosis factor a (TNFa), and (7;) a reciprocal increase following
genetic or pharmacologic inhibition of NF-xB signaling (Fig. 4K). Collectively, our results
indicate that PIAS1-mediated SUMOylation of RAP1 promotes NF-xB activation and
telomerase repression, events subject to regulation by SLX4IP.

RAP1:IKK complexes drive ALT via an NF-xB:Notch signaling axis

In addition to targeting NF-xB, IKK phosphorylates several other intracellular signaling
effectors, including B-catenin (59) and phosphoinositide 3-kinase (PI3K) (60). Furthermore,
NF-xB exerts regulatory control over numerous signaling pathways, including transforming
growth factor p (TGF-B) (61), Hedgehog (62), and Notch (63). Along these lines, we
observed elevated expression of the Notch ligand Jagged-1 in parental U20S (Fig. 5A) and
Saos-2 cells (fig. S7TA) compared to their SLX41P-depleted counterparts, a phenomenon
that was dependent upon both IKK and NF-xB (Fig. 5A) and resulted in increased Notch
signaling (Fig. 5B). Moreover, parental D2.0R cells harbored a Notch-responsive gene
signature, notably including Jagged-1, that was abrogated as a result of SLX4IP depletion
(Fig. 5C and fig. S7B). Because parental U20S and D2.0R cells possess greater RAP1
SUMOylation than their SLX41P-deficient counterparts (above, Fig. 2), we set out to
uncover whether this IKK:NF-xB:Notch signaling axis relied upon RAP1 SUMOQylation.
Interestingly, U20S cells expressing SUMO-deficient K240R-RAP1 showed significantly
decreased Jagged-1 expression (Fig. 5D) and, consequently, Notch signaling (Fig. 5E).
Importantly, these findings mirror those that were observed when SLX4IP expression

or IKK:NF-xB activity were disrupted, indicating that SLX4IP-directed SUMOylation of
RAP1 promotes IKK-mediated activation of Notch signaling.

Because of the intimate connection between RAP1 SUMOylation and telomere homeostasis
(above, Fig. 3), we next probed whether TMM identity is established via Notch signaling.
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At present, little is known about the identity of key signaling pathways that govern

ALT. Intriguingly, we found that administration of the y-secretase inhibitor, DAPT, to
inactivate Notch signaling not only suppressed the assembly of APBs (Fig. 5, F and

G and fig. S7, C and D), but also blocked the formation of C-circles (Fig. 5H).
Mechanistically, Jagged-1-mediated activation of Notch resulted in epigenetic silencing

of ATRX and DAXX in parental D2.0OR cells (fig. S7, E and F), an event dependent

upon the methyltransferase, EZH2 (fig. S7G). Taken together, these findings illuminate

an NF-xB:Notch signaling cascade that coordinates multiple TMMs downstream of RAP1
SUMOylation and extratelomeric localization.

NF-xB and Notch can be therapeutically targeted in ALT-driven cancer cells

SLXA4IP expression and TMM identity are associated with poor survival and metastatic
progression in breast cancer patients. Additionally, these molecular markers can be used
to guide the selection of therapies targeting individual TMMs (36). As such, we sought to
assess the extent to which NF-xB and Notch signaling are related to the prognostic and
therapeutic value of SLX4IP in cancer. Remarkably, SLX4IP showed a strong association
with a Notch-driven transcriptional program (Fig. 6A) across a diverse array of human
tumors. Likewise, both SLX4IP and PIAS1 expression are correlated with cancer cell
sensitivity to IKK inhibition (Fig. 6B). Taken together, these results suggest that telomere
plasticity mediated by SLX4IP and PIAS1 are intimately linked to NF-xB and Notch in
human cancers.

At least 15% of cancers activate ALT for telomere maintenance (64). However, therapies
targeting ALT are not currently available to patients. Indeed, the efficacy of agents that

have shown preclinical benefit against ALT-driven cancers remains controversial (65). Thus,
there exists a substantial need for the development of new therapeutic approaches to target
telomere homeostasis. With this in mind, we monitored the impact of drugs that inhibit

IKK and Notch for their ability to impede the three-dimensional (3D) outgrowth and
proliferation of U20S cells, and to induce their apoptosis. Further, we analyzed the role

of RAP1 SUMOylation in dictating sensitivity to these regimens. Notably, the 3D-outgrowth
of parental U20S cells was significantly impaired by administration of IKK-2 Inhibitor VI
to inactivate IKK or by administration of either DAPT or neutralizing Jagged-1 antibodies
to inactivate Notch (Fig. 6C). Moreover, inhibition of either IKK or Notch decreased

the proliferation of U20S cells (Fig. 6D) and increased their apoptosis (Fig. 6E). In

stark contrast, expression of K240R-RAP1 or depletion of SLX4IP rendered U20S cells
resistant to IKK and Notch inhibitors (Fig. 6, C to E). Collectively, these results reinforce
the mechanistic relationship between SLX4IP and RAP1 SUMOylation that underlie the
activation of an IKK:NF-xB:Notch signaling axis; they also reveal therapeutic modalities
that may be capable of targeting ALT-driven cancers, although additional work is needed to
assess the general efficacy of these approaches in disrupting cancer cell growth as a function
of TMM identity.

Finally, we previously determined that breast cancer cells upregulate SLX4IP expression and
adopt ALT for telomere maintenance as a means to circumvent the anti-telomerase therapy
5-fluoro-2”-deoxyuridine (5-FdU) (36). Consequently, we endeavored to explore whether
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IKK or Notch emerged as viable therapeutic targets in the setting of 5-FdU resistance.
Importantly, 5-FdU-resistant HCC1806 cells displayed hyperactivation of both the Notch
(Fig. 6F) and NF-xB pathways (Fig. 6G). As a result, these cells acquired susceptibility

to IKK and Notch inhibitors compared to their 5-FdU-sensitive counterparts (Fig. 6H).
Interestingly, inhibiting IKK and Notch in parental HCC1806 cells did not exhibit synergy
with 5-FdU, suggesting that these approaches may be of particular utility in recurrent,
treatment-refractory disease.

DISCUSSION

in this study, we uncovered a previously unknown function of SLX4IP as a key regulator
of the SUMO proteome. In doing so, we simultaneously revealed a mechanism whereby
telomere proteins directly coordinate signaling events that institute specific telomere
homeostatic programs, findings consistent with our previous work (36, 37). Nevertheless,
this study focuses primarily on ALT-driven cancer cell lines, and the exact nature of the
relationship between this pathway and specific TMMs in other cell types remains an active
area of investigation (18). SUMOylation mediates a diverse array of processes, including
nucleocytoplasmic shuttling (66—68), transcriptional activation and repression (69), and
protein-protein interaction (70). Of note, SUMOylation plays an important part in telomere
maintenance. For instance, SUMOylation of PML is necessary for the nucleation of PML
nuclear bodies (71, 72), including APBs (73). Similarly, TRF1 and TRF2 SUMOylation
are required for telomere extension in ALT cells (46). Moreover, the activity of specific
SUMO ligases mobilizes the cellular response to replication stress (74), which is present in
ALT in the context of break-induced telomere synthesis (75). It is noteworthy that previous
investigations examining the connections between SUMOylation and telomere maintenance
have focused on effects in situ at telomeres. Our results highlight the multifunctionality

of telomere proteins as direct participants in signal transduction, thereby serving as
determinants of telomere homeostasis in a telomere-independent manner and reveal the
importance of SUMOylation in orchestrating these functions in malignant cells (Fig. 7).

In addition to SUMO, numerous PTMs contribute to the regulation of telomere stability.
While telomeric chromatin is thought to be largely heterochromatic, chromatin architecture
at telomeres may vary across cell types or developmental states (76). The degree of
compaction of telomeric chromatin is heavily controlled by the balance of histone
acetylation and methylation, which facilitate chromatin opening and closing, respectively. In
turn, the compaction state of telomeric chromatin significantly impacts telomere length (77)
and the replication and transcription of telomere and subtelomere DNA (78, 79). Apart from
histones, several core telomere proteins, including telomerase and members of the shelterin
complex, can be post-translationally modified to alter telomere maintenance in response to
environmental cues. For example, TRF1 and TRF2 are phosphorylated by a host of kinases
that link telomere homeostasis to DDR activation (80, 81), cell cycle progression (82), and
mitotic fidelity (83). TRF1 is also subject to modification with poly(ADP-ribose) (PAR)

by the PAR polymerase tankyrase-1, which inhibits TRF1 binding to telomere DNA and
promotes telomere elongation (84). Moreover, the activity of telomerase and components

of the ALT machinery are post-translationally regulated. Specifically, ubiquitination dictates
both telomerase stability and activity (85), as well as telomere recombination and extension
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in ALT cells (86). Our results add to this body of knowledge (36) by uncovering the
importance of RAP1 SUMOylation in telomere length regulation. These molecular insights
not only increase our fundamental understanding of telomere dynamics, but they also shed
light on how these dynamics unfold epigenetically to control processes that rely upon
telomere lengthening, such as stem cell maintenance (87, 88) and embryonic development
(89, 90).

Our findings assert RAP1 SUMOylation as an activator of NF-xB signaling, which in

turn stimulates Notch through increasing expression of Jagged-1. Consequently, NF-xB and
Notch provoke TMM plasticity by inhibiting telomerase, while simultaneously driving the
emergence of ALT (Fig. 7). These results stand in contrast to previous reports demonstrating
transcriptional activation of TERT by NF-xB (91-93). Clearly further studies designed to
assess the contributions of other transcriptional co-regulators or parallel signaling events
orchestrated by pro-inflammatory stimuli will be of value in deciphering this apparent
conflict. More broadly, SUMOylation plays a critical role in various intracellular signaling
pathways, including TGF-B (94, 95), Wnt/B-catenin (96, 97), Notch (98), insulin-like growth
factor (99), and mitogenic signaling through AKT and ERK1/2 (100, 101). Interestingly,
these pathways contribute extensively to processes in which telomere maintenance is
essential, including development and tumorigenesis (102, 103). Thus, SUMOylation may
serve dual functions in these contexts by governing telomere homeostasis and modulating
cell signaling. In addressing this supposition, future studies need to (%) map the SUMO
proteome as a function of SLX4IP abundance; (7/) identify the SUMO ligases regulated by
SLX4IP and classify the signaling pathways impacted by their activity; and (7/i) determine
the regulatory roles of these pathways in telomere maintenance and tumor progression.

Both NF-xB and Notch signaling are intimately connected to cancer development and
progression (104, 105). Previously, we demonstrated that SLX4IP expression and TMM
identity can serve as potential prognostic and therapeutic markers for TMM-targeted
treatment approaches in breast cancer (36). Here, we established the central importance
NF-xB and Notch in dictating TMM identity and as potential therapeutic targets in cancer
cells that harbor specific TMM or drug resistance profiles. Telomere-associated mutations
and aberrant gene expression signatures are hallmarks of cancers that exhibit poor survival
and therapeutic resistance, including high-grade gliomas (106) and aggressive breast cancers
(36, 107). In the same vein, NF-xB signaling is associated with disease progression, cancer
stem cell maintenance, and chemoresistance (108, 109). Incorporating NF-xB and Notch
profiling into clinical decision-making paradigms and combinatorial treatment regimens
may therefore provide much-needed benefit to patients suffering from the most aggressive
and treatment-refractory cancers. Such advances would extend the fundamental molecular
mechanisms illuminated by this study to provide important pathophysiologic and clinical
insights.

MATERIALS AND METHODS

Cell lines and tissue culture

D2.0R cells were obtained from Fred Miller (Wayne State University, Detroit, MI) and
cultured in Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal
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bovine serum (FBS). U20S and HCC1806 cells were obtained from ATCC and cultured

in McCoy’s 5A media (U20S) or RPMI-1640 medium (HCC1806) with 10% FBS. Saos-2
cells were obtained from ATCC and cultured in McCoy’s 5A medium supplemented with
20% FBS. Cell lines were authenticated using Short Tandem Repeat (STR) analysis (ATCC).
All media were additionally supplemented with 1% penicillin-streptomycin prior to use. All
cells were grown in a 37°C incubator with 5% CO,. Cell lines were engineered to stably
express firefly luciferase by transfection with pNifty-CMV-luciferase, followed by zeocin
selection (500 pug/mL). Depletion of SLX4IP, RAPL, and PIAS1 were achieved by lentiviral
transduction of expression cassettes harboring both SpCas9 and a chimeric single guide
RNA scaffold (pLentiCRISPRv2; Addgene), followed by selection with puromycin (5 pg/
mL). sgRNA design was carried out using CHOPCHOP (110) in order to generate double-
strand breaks (DSBs) in multiple exons and minimize off-target binding of sgRNAs. To
confirm presence of repaired DSBs, genomic DNA was extracted from cells using the Quick
gDNA Miniprep Kit (Zymo Research) per the manufacturer’s instructions, and the regions
targeted by specific sgRNAs were PCR-amplified and subjected to Sanger sequencing. The
SLX4 SIM mutant construct was generated as described (43) and was stably expressed in
U20S cells by lentiviral transduction, followed by selection with hygromycin (300 pg/mL).

Proteomics of isolated chromatin segments (PICh)

Telomere proteome characterization was accomplished using the previously described
proteomics of isolated chromatin segments (PICh) workflow (38). U20S cells (1 x 10°
cells/sample) were crosslinked in 3.7% formaldehyde, equilibrated in sucrose buffer (0.3 M
sucrose, 10 mM HEPES-NaOH pH 7.9, 1% Triton X-100, 3 mM CaCl,; 2 mM magnesium
acetate), and dounced with a tight pestle. Cells were then equilibrated in glycerol buffer
(25% glycerol, 10 mM HEPES-NaOH pH 7.9, 0.1 mM EDTA, 0.1 mM EGTA, 5 mM
magnesium acetate) and lysed in PBS containing 0.5%Triton X-100 and RNaseA (1 mg/mL;
QIAGEN) for 60 min at room temperature, followed by continuous agitation overnight at
4°C. The next day, cells were further lysed in high-salt lysis buffer (10 mM HEPES-NaOH
pH 7.9, 100 mM NaCl, 2 mM EDTA, 1 mM EGTA, 0.2% SDS, 0.1% A-lauroylsarcosine
sodium). Samples were sonicated (40 watts for 15 seconds, on ice for 45 seconds, 28
cycles) to mechanically lyse cells and shear genomic DNA. Chromatin was collected by
centrifugation and applied to Sephacryl S-400 High Resolution columns (GE Healthcare).
Flow-through was pre-cleared for 2 h at room temperature with MyOne Streptavidin C1
Dynabeads (ThermoFisher) that had been pre-equilibrated in low-salt lysis buffer (10 mM
HEPES-NaOH pH 7.9, 30 mM NaCl, 2 mM EDTA, 1 mM EGTA, 0.2% SDS, 0.1%
N-lauroylsarcosine sodium).

The following locked nucleic acid (LNA) probes were used for telomere chromatin capture
(Fidelity Systems): Telomere. Desthiobiotin-C1g-5"-TtAgGg TtAgGgTtAgGgTtAgGot-3';
Scramble. Desthiobiotin-Cqgg-5"-GaTgTgTgGaTgTggAtGtGgAtgTgg-3’, where capital
letters are LNA residues and lowercase letters are DNA residues. A scrambled control

was included for each cell line. LNA probes were used at a final concentration of 1 uM,
and hybridization was conducted according to the following thermal profile: 25°C for 3
min, 70°C for 6 min, 38°C for 60 min, 60°C for 2 min, 38°C for 60 min, 60°C for 2

min, 38°C for 120 min. LNA-DNA hybrids were separated by centrifugation and diluted
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with Milli-Q water and MyOne Streptavidin C1 beads. Beads were incubated overnight

at room temperature and subsequently washed six times with high-salt lysis buffer before
being resuspended in elution buffer (12.5 mM biotin, 75% high-salt lysis buffer). Samples
were incubated at room temperature for 1 h with shaking, followed by further incubation

at 65°C for 10 min. The eluate was precipitated using trichloroacetic acid (18% v/v),

and the pellet was cleared of organic solvent using acetone and resuspended into 50 pL
crosslinking reversal solution (250 mM Tris pH 8.8, 2% SDS, 0.5 M p-mercaptoethanol)

at 99°C for 25 min. 10% of the final protein yield was separated using a 12% Bis-Tris
acrylamide gel (Bio-Rad) and visualized using Cyanine5 NHS ester (Lumiprobe) according
to manufacturer’s instructions.

Mass spectrometry and proteomic identification

Protein isolates were subjected to 1D-SDS-PAGE approximately ~1 ¢cm into the gel, which
was excised and in-gel digested by Lys-C (111). Following digestion, LC-MS/MS was
performed using the ThermoScientific Orbitrap Fusion Lumos mass spectrometry system.
HPLC was carried out using a Dionex 15 cm x 75 um id Acclaim Pepmap C18, 2 um,

100 A reversed-phase capillary chromatography column. Peptides eluted from the column
in an acetonitrile/0.1% formic acid gradient (flow rate = 0.3 pL/min) were introduced

into the microelectrospray ion source of the mass spectrometer, which was operated at

2.5 kV. Samples were analyzed using a data-dependent method with CID fragmentation.
Proteins were identified by comparing all of the experimental peptide MS/MS spectra
against the UniProt human database using the Andromeda search engine integrated into
the MaxQuant version 1.6.3.3 (112, 113). Carbamidomethylation of cysteine was set as

a fixed modification, whereas variable modifications included oxidation of methionine

to methionine sulfoxide and acetylation of N-terminal amino groups. For peptide/protein
identification, strict Lys-C specificity was applied, the minimum peptide length was set

to 7, the maximum missed cleavage was set to 2, and the cutoff false discovery rate was
set to 0.01. Match between runs (match time window: 0.7 min; alignment time window:
20 min) and label-free quantitation (LFQ) options were enabled. The LFQ minimum ratio
count was set to 2. The remaining parameters were kept as default. Protein quantitation was
accomplished using Perseus (114). LFQ values were logo-transformed, and missing values
were imputed using the “Replace missing value from normal distribution” function on the
entire matrix using default parameters.

SUMO site prediction

Human (accession: NP_061848.2) and mouse (accession: AAH17641.1) RAP1 amino acid
sequences were curated from the National Center for Biotechnology Information (NCBI;
https://www.nchi.nlm.nih.gov/). Putative SUMOylation sites were identified using the
prediction software GPS-SUMO (http://sumosp.biocuckoo.org/online.php) (51), the Joined
Advanced SUMOylation Site and SIM Analyzer (JASSA) (http://www.jassa.fr/) (50), and
SUMOplot (http://www.abcepta.com/sumoplot). Each program was run using its default
parameters. Individual lysine residues in the human protein that emerged from at least two of
these analyses included Lys®, Lys114, Lys?12 and Lys240, which were adopted as candidates
for site-directed mutagenesis. Conservation of SUMO motifs across species was assessed
using the Pattern Hit-Initiated Basic Local Alignment Search Tool (PHI-BLAST).
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RAP1 and PIAS1 mutagenesis

pLPC-hRAP1 (12) and pLPC-mRAP1 (115) were obtained from Addgene, while pLV-
Hygro-hPIAS1 was synthesized using VectorBuilder. Utilizing the Agilent QuikChange
Primer Design Tool, primers were designed to introduce the desired amino acid substitution
as well as a synonymous point mutation in the protospacer adjacent motif (PAM) sequence
to prevent CRISPR/Cas9 targeting. Site-directed mutagenesis was carried out using Q5
High-Fidelity DNA Polymerase (New England Biolabs) according to the manufacturer’s
instructions. PCR reactions were subsequently incubated with Dpnl (1 U/reaction; New
England Biolabs) at 37°C for 2 h. Transformed PCR products were purified using the
QIlAprep Spin Miniprep Kit (QIAGEN) and subjected to Sanger sequencing to confirm
mutagenesis. Oligonucleotide sequences for CRISPR sgRNAs and site-directed mutagenesis
primers are provided in tables S1 and S2.

Protein structural prediction

Ab initio SLX4IP structural prediction was accomplished using QUARK (https://
zhanglab.ccmb.med.umich.edu/QUARKY/) (116). SLX4IP N- (residues 1-173) and C-
terminal (residues 209-408) domains were defined by limited proteolysis, and
corresponding amino acid sequences were analyzed using default parameters. Full-length
structure models were assembled from fragments ranging in size from 1-20 amino

acids using replica-exchange Monte Carlo (REMC) simulations guided by a composite
knowledge-based force field. Primary sequences were first subjected to multiple sequence
alignment using Position-Specific Iterated BLAST (PSI-BLAST) to predict secondary
structures using neural network training of sequence-structure relationships from sequence
alignment. Fragments from experimental structures with template modeling scores (TM-
scores) >0.5 were excluded from comparison (117). Candidate fragment assemblies from
REMC simulations underwent refinement to minimize root-mean-square deviation of atomic
positions (RMSD). Three-dimensional conformations were modeled via minimization of the
force field energy function, which includes terms corresponding to steric pairwise potential
of backbone and side chain atoms, hydrogen bonding, solvent accessibility, backbone torsion
potential, and secondary structure packing. Predicted SLX41P domains were aligned to
known crystal structures of the SUMO ligases PIAS2 (PDB: 4FO9) and RanBP2 (PDB:
4GAO0) using UCSF Chimera.

Quantitative real-time PCR (QRT-PCR)

Cells were nonenzymatically isolated from 3D-culture (50,000 cells/well; 500 pL Cultrex/
well in 12-well plate) using the Cultrex 3D-Culture Cell Harvesting Kit (Trevigen), and total
RNA was extracted using the RNeasy Mini Kit (QIAGEN) according to the manufacturer’s
protocol. One g of total RNA was subsequently reverse-transcribed using the iScript cDNA
Synthesis Kit (Bio-Rad) and subjected to quantitative real-time PCR using 1x iQ SYBR
Green Supermix (Bio-Rad), as previously described (118) and using the primers listed in
table S2. Changes in gene expression were determined using the AACt method.
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Immunoblotting and immunoprecipitation (IP)

Cells were isolated from 3D-culture and homogenized on ice in RIPA lysis buffer (50 mM
Tris-HCI, 150 mM NaCl, 6 mM sodium deoxycholate, 1.0% NP-40, 0.1% sodium dodecyl
sulfate (SDS), pH 7.4) supplemented with protease inhibitor cocktail (Sigma-Aldrich) and
phosphatase inhibitors (10 mM sodium orthovanadate, 40 mM B-glycerophosphate, 20
mM NaF). Lysates were cleared by centrifugation and subjected to immunoblot analysis
as described (119). For co-immunoprecipitation, cells were solubilized with Buffer H
(500 mM NacCl, 20 mM imidazole, 50 mM NayHPO,4/NaH,PO4 pH 7.6, 15% glycerol,
0.01% NP-40) supplemented with 1% Triton X-100 plus protease inhibitors, followed by
immunoprecipitation of 700 pg protein as described (120) using IP-validated antibodies
against RAP1 (Cell Signaling Technology), SLX4 (Bethyl Laboratories), or SUMO2/3
(Cell Signaling Technology) conjugated to Protein A Sepharose beads (GE Healthcare).
For SUMO blots, lysis buffer (150 mM Tris-HCI pH 6.7, 5% SDS, 30% glycerol) was
supplemented with the SUMO peptidase (SENP) inhibitor SUMO-2 aldehyde (Enzo Life
Sciences), and gel electrophoresis was carried out under non-reducing conditions.

Chromatin immunoprecipitation (ChIP)

Protein-DNA crosslinking was achieved by incubating cells (2.5 x 10° cells in 10-cm
plates) in 1% paraformaldehyde for 15 minutes at room temperature; crosslinking reactions
were quenched with 100 mM glycine for 5 minutes. Cells were resuspended in RIPA

lysis buffer, and genomic DNA shearing was performed by sonication (5 watts for 30
seconds, on ice for 30 seconds, 28 cycles) to yield DNA fragments ranging from 200-1000
bp in length. Antibodies against EZH2 and H3K27me3 were conjugated to Protein A/G
Sepharose beads via overnight incubation at 4°C with continuous rotation. 25 ug of DNA
and 0.2 pg antibody/pug DNA were used for each immunoprecipitation. Beads were washed
three times with wash buffer (20 mM Tris-HCI pH 8.0, 150 mM NaCl, 2 mM EDTA,

1% Triton X-100, 0.1% SDS) prior to elution (100 mM NaHCO3, 1% SDS). Elution was
performed at 65°C for 1 hour with periodic agitation. Crosslinks were reversed via overnight
incubation at 65°C with RNase A (20 ug/mL; QIAGEN) and Proteinase K (2 mg/mL;
Roche). Measurement of DNA binding was accomplished by qRT-PCR, and locus-specific
occupancy (as a percentage of input DNA) was calculated in line with our previous studies
(36, 119).

Notch and NF-xB reporter assays

Endogenous signaling activity was quantified using Notch- and NF-xB-responsive reporter
constructs (121, 122). Briefly, cells were plated (50,000 cells/well in 12-well plate) and
subsequently transfected with pcDNA3.1(+) containing Renilla luciferase, plus a plasmid
expressing firefly luciferase (Fluc) downstream of the HESZ or HES5 (Notch) or MHC
class | (NF-xB) promoters. 72 hours after transfection, cells were lysed using 1X Passive
Lysis Buffer (Promega) at room temperature for 15 minutes, and lysates were transferred
to a CELLSTAR white-walled 96-well plate (Greiner Bio-One). Fluc and Renilla activity
were determined using the Dual-Glo Luciferase Assay System (Promega) according to the
manufacturer’s protocol, and luminescence was detected with the GloMax-Multi detection
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system. For each condition, Fluc (reporter) signal intensity was normalized to Renilla
(background) signal to control for differences in transfection efficiency.

NF-xB biotinylated oligonucleotide capture assay

NF-xB binding activity was measured by incubating 200 pg of protein extracted from
U20S cells expressing wild-type and SUMO-deficient RAP1 with 1 uM biotinylated
double-stranded DNA oligonucleotide containing a repeat NF-xB consensus sequence. NF-
xB binding was stimulated by pre-treatment with TNFa.. Samples were incubated overnight
at 4°C with continuous rotation, and the resulting NF-xB-oligonucleotide complexes

were captured using streptavidin-agarose beads (ThermoFisher Scientific) and analyzed by
immunoblotting against the NF-xB p65 subunit (Santa Cruz Biotechnology) according to
our previous studies (123).

Immunofluorescence/fluorescence in situ hybridization (IF/FISH)

Cells were plated (30,000 cells/well in 12-well plate) directly on coverslips for 24 hours.
Staining and hybridization were carried out as described (124). Briefly, cells were fixed
with 4% paraformaldehyde for 15 minutes and permeabilized with 0.5% Triton X-100 for
10 minutes. Following blocking [1X maleic acid buffer (100 mM maleic acid, 150 mM
NaCl, pH 7.5), 1X Blocking Reagent (Roche)], coverslips were incubated with anti-PML
antibody (Santa Cruz Biotechnology) in 1% bovine serum albumin (BSA)/0.25% Triton
X-100 overnight in a cold humidified chamber. Fluorescence detection was accomplished
using a secondary antibody conjugated to Alexa Fluor 488 (Invitrogen). Cells were then re-
fixed with 4% PFA and dehydrated in 70%, 90%, and 100% ethanol (2 minutes each) prior
to hybridization with a telomere leading strand PNA probe [5”-(CCCTAA)3-3’] conjugated
to cyanine-5 (Cy5-TelC; PNA Bio) overnight at room temperature. Cells were washed
twice with PNA wash buffer A (70% formamide, 10 mM Tris-HCI pH 7.5, 1% BSA),
counterstained with DAPI (1 pg/mL in PBS), and mounted with Fluoromount-G (Invitrogen)
and sealed with fingernail polish. Images were captured using a Leica TCS SP8 STED
confocal microscope (Light Microscopy Imaging Core, CWRU) and analyzed using Leica
Application Suite X (LAS X).

Quantitative fluorescence in situ hybridization (Q-FISH)

Q-FISH was carried out according to established protocols (125). Briefly, U20S cells
passaged to 60 population doublings were treated with KaryoMAX Colcemid (100 ng/mL;
Gibco) for 90 min prior to trypsinization. Nuclear lysis was accomplished via hypotonic
swelling in 75 mM KCI at 37°C. DNA was fixed using methanol:acetic acid (3:1) overnight
at 4°C. Fixed chromosomes were dropped onto ColorFrost Plus Microscope Slides (Fisher)
and allowed to cure at room temperature overnight. The next day, the slides were re-fixed

in 3.6% formaldehyde prior to incubation with RNase A (250 ug/mL; QIAGEN) and pepsin
(1 mg/mL; Sigma-Aldrich) at 37°C. Slides were then dehydrated through a graded ethanol
series, air-dried, and hybridized to a PNA probe mix (5'-Cy5-(CCCTAA);-3” for telomeres
and 5"-FAM-ATTCGTTGGAAACGGGA-3’ for centromeres; PNA Bio). Denaturation was
carried out at 70°C for 10 min, followed by overnight hybridization at room temperature in
the dark. Subsequently, slides were washed twice with PNA wash buffer A (70% formamide,
10 mM Tris-HCI pH 7.5) and three times with PNA wash buffer B (50 mM Tris-HCI pH 7.5,
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150 mM NacCl, 0.8% Tween 20), counterstained with DAPI (50 ng/mL), and mounted using
ProLong Gold Antifade Mountant (ThermoFisher). Images were captured using a Leica TCS
SP8 STED confocal microscope. Single-telomere fluorescence intensity was detected using
LAS X and normalized to contiguous centromere intensity.

C-circle amplification assay

Amplification and quantitation of telomeric extrachromosomal circles (C-circles) was
performed as previously described (36, 126). Briefly, cells were isolated from 3D-culture,
and total cellular DNA was extracted by incubating cells in Quick C-Circle Preparation
(QCP) lysis buffer (10 mM Tris-HCI, 50 mM KCI, 2 mM MgCls, 0.5% NP-40, 0.5%
Tween-20, pH 8.5) containing QIAGEN Protease (0.05 U/mL) for 1 hour with continuous
agitation. Where indicated, cells were first treated with DAPT (25 pM) for 96 h (~4
C-circle half-lives). DNA quantitation was performed with the QuantiFluor ONE dsDNA
System (Promega), using Lambda DNA for standard curve generation. Circular DNAs
were amplified via overnight rolling circle amplification using ©29 DNA polymerase (New
England Biolabs) according to the manufacturer’s protocol. ®29-deficient reactions were
performed for each sample. C-circle quantitation was accomplished using the standard
curve method, using Saos-2 DNA to generate the standard curve. gqRT-PCR was carried out
according to the following thermal profile: 95°C for 15 min, 35 cycles of 95°C for 15 s,
54°C for 2 min, 72°C for 1 min. The ribosomal protein 36B4 was employed as a single-copy
gene for normalization of linear chromosomal content.

Telomeric repeat amplification protocol (TRAP)

Real-time Q-TRAP assays were carried out as described previously (124). Briefly, cells
were resuspended (at a density of 1,000 cells/pL) in ice-cold NP-40 lysis buffer (10 mM
Tris-HCI pH 8.0, 1 mM MgCl,, 1 mM EDTA, 1% NP-40, 0.25 mM sodium deoxycholate,
10% glycerol, 150 mM NaCl, 5 mM B-mercaptoethanol, 0.1 mM AEBSF [4-(2-aminoethyl)
benzenesulfonyl fluoride hydrochloride]). Lysates were incubated on ice for 30 min and
centrifuged at 16,000¢ for 20 min at 4°C. Total protein was quantified using the Pierce
BCA Protein Assay Kit (ThermoFisher). Each TRAP reaction contained 1 pg of protein
lysate in 1x iQ SYBR Green Supermix supplemented with 1 mM EGTA, 100 ng of ACX
primer (5"-GCGCGGCTTACCCTTACCCTTACCCTAACC-3"), and 100 ng of TS primer
(5'-AATCCGTCGAGCAGAGTT-3"), which serves as a synthetic telomerase substrate.
Reactions were incubated at 30°C for 30 min to allow for telomerase-mediated extension.
The reaction mixture was then heated to 95°C for 10 min, and telomere DNA was amplified
according to the following thermal profile: 95°C for 15 s, 60°C for 60 s, 40 cycles.
Telomerase activity was quantified by generating a standard curve of logyg[Protein] versus
Ct value for serial dilutions of protein isolated from HEK293T cells and using the resulting
best-fit equation to back-calculate relative telomerase activity (RTA) as described (127).

Protein expression and purification

Purified PIAS1 was purchased from Enzo Life Sciences. For SLX4IP, a bacterial expression
construct was generated using Gibson assembly and included a glutathione-S-transferase
(GST) tag fused at the N-terminus, followed by a TEV cleavage site. SLX4IP protein was
overexpressed in BL21(DE3) E. coliand purified as described previously (128). Briefly,
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protein expression was induced by the addition of 0.1 mM IPTG at ODggg = 0.6, and
cells were grown for an additional 18 hours at 18°C. Cells were lysed using French press
and collected at 18,0009 for 1 h. The soluble fraction was incubated with glutathione
affinity beads pre-equilibrated with 50 mM Tris-HCI pH 8.0, 250 mM NaCl, 3 mM
B-mercaptoethanol at 4°C for 1 h, followed by extensive washing. The beads were then
incubated with TEV and dialyzed overnight at 4°C in 50 mM Tris-HCI pH 8.0, 50 mM
NaCl, 1 mM DTT. The beads were pooled into a filter column, and the elution fraction
was applied to a HiTrap HQ 5-mL column (GE Healthcare) pre-equilibrated with 50 mM
Tris-HCI pH 8.0, 1 mM DTT.

In vitro SUMO ligase assay

SUMO ligation was carried out using the Abcam SUMOylation Assay Kit. The SUMO

E1 (SAEL1/SAE2) and E2 (UBC9) proteins and SUMO2/3 were mixed in a 1:1 molar

ratio and incubated at 37°C for 1 h to facilitate E2~SUMO conjugation. RAP1 was

isolated by immunoprecipitation from U20S cells, eluted in ion exchange buffer (50 mM
Tris-HCI pH 7.5, 250 mM NacCl), and titrated in to obtain kinetic parameters for RAP1
SUMOylation. Single-turnover ligation reactions (129) were catalyzed by the addition of
recombinant PIAS1 (Enzo Life Sciences) and were carried out at 37°C for the indicated
times. Proteins were separated by polyacrylamide gel electrophoresis and subjected to anti-
SUMO2/3 immunoblotting. The addition of the small molecule SUMOylation Inhibitor 111
(2-(2,3,4-Trihydroxyphenyl)-4H-chromen-4-one; Calbiochem) served as a negative control.
Reaction rates at various RAP1 concentrations were estimated by linear regression, and
Kqtand Ky values were calculated by plotting reaction rate against RAP1 concentration

and performing hyperbolic fitting to the function v = vy [RAPL]

X3y + [RAPT] (@ssuming Michaelis-

Menten Kinetics).

In vitro kinase assays

To measure ATP consumption, IKKp complexes were captured from U20S derivatives by
immunoprecipitation, washed twice with PBS, and resuspended in 250 pL kinase assay
buffer (40 mM Tris-HCI pH 7.5, 20 mM MgCl, 0.1 mg/mL BSA). Protein concentrations
were determined spectroscopically using a NanoDrop. Purified IKKB complexes were
divided and incubated with either IKK-2 Inhibitor VI or diluent for 30 min at room
temperature. Kinase reactions were set up using two-fold serial dilutions of IKK
suspensions beginning at a concentration of 500 nM. Reactions were initiated by addition of
synthetic I1xB peptide substrate (200 nM; Enzo Life Sciences) and ATP (5 uM; Invitrogen)
and were allowed to proceed for 1 h at room temperature with continuous rotation.
Reactions were then mixed with an equal volume of Kinase Glo-Max reagent (Promega)
and incubated at room temperature for 10 min. Luminescence was quantified over a 1-s
integration window using the GloMax-Multi detection system. IKK activity was determined
by subtracting the observed luminescence in inhibitor-treated samples from their diluent-
containing counterparts. ECsq values were calculated using GraphPad Prism by plotting
log1o[IKKP] versusnormalized luminescence and performing nonlinear regression. For
Western blotting (130), the amount of protein added to each reaction (vs) was calculated
such that v; -[IKK]s = v+ ECgg(parental), where [IKK]; is the protein concentration in
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each sample and v¥is the final reaction volume. Reaction mixtures were incubated with
synthetic IxB substrate for 1 h at 37°C. Reactions were terminated by addition of 4x sample
buffer and subsequently prepared for immunoblotting against anti-phospho-S32-1xB (Cell
Signaling Technology).

Three-dimensional (3D) organotypic culture and outgrowth assay

Longitudinal 3D-outgrowth quantification was carried out by seeding 2,000 cells/well

on top of solidified cushions of reconstituted basement extract (Cultrex; 50 pL/

well in 96-well white-walled plates, Trevigen). Cells were cultured in appropriate

media supplemented with 5% Cultrex, as well as the nucleoside analog 5-fluoro-2’-
deoxyuridine (5-FdU; Sigma-Aldrich), IKK inhibitor 2-[(aminocarbonyl)amino]-5-phenyl-3-
thiophenecarboxamide (IKK-2 Inhibitor VI; Calbiochem), y-secretase inhibitor N-[N-(3,5-
Difluorophenacetyl)-L-alanyl]-S-phenylglycine t-butyl ester (DAPT; Sigma-Aldrich),

or Jagged-1 neutralizing antibody (MAB12771; R&D Systems) where indicated.
Bioluminescent readings were obtained every 3 days by addition of D-luciferin potassium
salt (Gold Biotechnology), followed by quantitation using the GloMax-Multi detection
system (Promega). Longitudinal cell growth was normalized to an initial reading taken 24
hours post-plating, and media was replaced following each luminescence reading.

Proliferation assay

U20S cells were plated (20,000 cells/well in white-walled 96-well plates) and treated with
IKK-2 Inhibitor VI or DAPT for 72 h according to the following treatment schemes: /KK-2
Inhibitor VI. two-fold serial dilutions from 20 pM to 156 nM; DAPT: two-fold serial
dilutions from 100 uM to 780 nM. An untreated control was also performed with each

cell line. Cells were allowed to recover for 24 h in drug-free media prior to quantitation

of proliferation using the CellTiter-Glo Cell Viability Assay (Promega) according to the
manufacturer’s instructions.

Apoptosis assay

U20S cells were plated (20,000 cells/well in white-walled 96-well plates) and treated with
IKK-2 Inhibitor VI or DAPT for 72 h as described above. Cells were allowed to recover for
24 h in drug-free media prior to quantitation of caspase-3/7 activity using the Caspase-Glo
3/7 Assay (Promega) according to the manufacturer’s instructions. Data are reported for
each cell line as fold change in luminescence intensity relative to untreated cells.

Gene set enrichment analysis (GSEA)

GSEA was performed using microarray data deposited in the Gene Expression Omnibus
(GEO) under the accession number GSE125702. Analysis was carried out by querying
significantly differentially expressed genes against the Molecular Signatures Database
(MSigDB) collection C2 using GSEA software obtained from the Broad Institute. p-values
were calculated as described (131). Individual microarray reads for each gene were extracted
using the Affymetrix Transcriptome Analysis Console, and heatmaps were generated in R
using the pheatmap package.
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Gene expression analysis

MRNA expression values were curated from The Cancer Genome Atlas (TCGA) PanCancer
Atlas using cBioPortal (https://www.chioportal.org/) (132). The Notch-responsive gene
signature was defined by those members of the Reactome Signaling by Notch gene set

that were enriched in parental D2.OR cells. Expression values for these genes were
compiled and subjected to single-sample GSEA (ssGSEA) using GenePattern (https://
www.genepattern.org/) (133). ssGSEA was carried out using default parameters to obtain

a Notch enrichment score for each sample, which was then plotted against matched SLX4IP
expression. Samples were stratified by SLX4IP expression, using the median RPKM value
from RNA sequencing across all samples as a cutoff. Outliers were removed using the
ROUT method with FDR Q=1%.

In silico drug sensitivity analysis

Microarray and ICgq values were obtained from the Genomics of Drug Sensitivity in Cancer
(GDSC) database (https://www.cancerrxgene.org/) (134). Extraction and correlation of gene
expression and drug sensitivity were carried out using RStudio. Source code to perform

this analysis is freely available through GitHub at https://github.com/jessicascarborough/
gdsc-gene-drug-corr.

Statistical analysis

Unless otherwise noted, data are presented as mean = SEM. Where mean was used as

a measure of central tendency, statistical significance was determined using a Welch’s

ttest for two-group comparisons or one-way analysis of variance (ANOVA) for multiple-
group comparisons. Telomere length distributions obtained by quantitative FISH were
compared using a two-sample Kolmogorov-Smirnov test. For ATP consumption, empirical
distributions were compared using Akaike’s information criterion to distributions generated
by random sampling of experimental data. Michaelis-Menten parameters were compared
using a nested model Ftest. Gene ontology p-values were calculated using Fisher’s

exact test. For correlation analysis, significance was determined using Student’s ftest

: - - -2)(p?
by transforming Spearman’s p to a £distributed test statistic as follows: ¢ = %)(;).
1-p

sSGSEA enrichment scores were compared using a Mann-Whitney Utest. In all cases,
two-sided p<0.05 was considered statistically significant, with post foc multiple comparison
corrections carried out using the Bonferroni-Dunn method (multiple #tests) or Dunnett’s test
(ANOVA pairwise comparisons).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. SL X4l P Regulates the Composition of the Telomere Proteome.
(A) Polyacrylamide gel showing proteins isolated from U20S cells expressing a

nontargeting CRISPR guide RNA (sgNT) or a guide RNA targeting SLX4IP (sgSLX4IP),
using either a scrambled (S) or telomere-specific (T) LNA probe. 7=1 technical replicate
(exploratory). (B) Comparison of scrambled- versustelomere-bound protein abundance
[represented as logy(peak intensity) from mass spectra] in parental (left) and SLX4IP-
depleted (right) U20S cells. Core shelterin proteins are labeled and are enriched in the
telomere sample (green). Red points represent proteins that are enriched in the control
sample. Dashed lines represent a relative protein abundance of + 2. =1 technical replicate
per probe per cell line. (C) Waterfall plot depicting increased (red) and decreased (blue)
protein abundance on SLX41P-depleted U20S telomeres. Highlighted proteins consist

of core shelterin components; proteins associated with telomere maintenance and DNA
repair; and SUMO isoforms. Dashed lines represent a relative protein abundance of + 1.5.
=1 technical replicate. (D) Comprehensive Resource of Mammalian Protein Complexes
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(CORUM) network plot demonstrating RAP1-TRF2 stabilization stemming from SLX4IP
depletion. In addition, SLX4IP-deficient telomeres possess a higher abundance of telomere
recombination and repair factors. (E) Graph of Gene Ontology (GO) molecular function
terms that are enriched among the cohort of proteins exhibiting differential abundance
between parental and SLX41P-depleted U20S telomeres.

Sci Signal. Author manuscript; available in PMC 2021 December 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Robinson et al.

A

U208

® SgNT
o Sesixarp

SUMO2/3

5% WCL 1P RAP1 o5
SQNT __sgSLX4IP___sgNT SgSLXAIP —
e S 128 g !
Y Lo a_
& o 70 38
SUMO2/3| SiRAPt 275
o -9
- E8 o,
Lso &%
<
3%
RAPT e el _Lm 24 °
= £}
B-ACHN | S— — & 3
. U208
U208
Ll
C 5% WCL IP: RAP1 ° Eﬁ’xi"'\:‘n
pDEST-SLX4 PDEST-SLX4 © SLX4-SIMmut
Parental WT SIM™ _Parental WT SIMmut *k
L3 [ 1.

SUMO2/3|

,

| Ak ,""

Relative SUMO-RAP1 Abundance
(S,-RAP1:Total RAP1)

D2.0R
5% WCL IP: RAP1
shSLX4IP

shSLX4IP

+
Scram _shSLX4IP_SLX4IP-Fl

7
Scram__shSLX4IP_SLX4IP-Fl

q
160
125

~90

50

38

wo

® Scram
© shSLX4IP
© shSLX4IP + SLX4IP-FL

N
o

0.8

Relative SUMO-RAP1 Abundance
(S,-RAP1:Total RAP1)

Page 30

o [, -RAPY

SLX4|
RAP1| o -
00 0.4
B-Actin| we—m— c—  —
D U208 0.
5% WCL 1P: 1gG iP: SLX4 E 250 nM RAP1 D20R
SONT _sgSLXAP _SGNT _sgSLXelP_SgNT _sgslxalp SIXaiP + SLXaP
PIAS1 — PIAST 1 5 10 1 3 10 Time (min)
i1 Z0 suMo-RaPt . b d —gp— “,_ L7
“ ‘,_. 30 -
=25
UBCO[ i a— e RAPT | — — —— s e |
SLX4 v B0 mmmalios SUMO-UBCO[mms | s s s (WSt e o)
p-Actin M-
$ il F G U208
© sgSLX4IP -
1, 5o WoL 1P SUMO273
& 2 ns ns *k . ot Ky (-SLX4IP) = 1.61 x 10* M”s™! i SI50A T S350 PIAST
> — — — - K ~
@ ° © 05 KM/K (+SLX4IP) = 6.29 x 10* M's! Stat1 ; - - ko
E 7 g 04 :
s i
(=N
5 0.8 o ; ‘ PML| P  S— ——— -
3 203
g 8 3 PS3| g . | — Lso
§ os = PACH e— G | * PIASTWT
3 8 5 © PIAS1 C350A
€ B 01 sk Sk *ok
2 o) — = L
= T 0.0 1.07 p-o-o 509 o
.0+ T T T
00 21 UBC9 PIAS1 200 400 600 g
U208 [RAP1] (M) g2
E¥S
H w208 ® PIASTWT 3%
5% WoL 1P: RAPT 2H
WE S350R S3oR PIAST © PIAST C350A § 2057
— - 128 **% £ g
- @ 10 £3 &
- t-90 % ® e
]
70 B = < °
3o
- BAENP 1 o
SUMO2/3 Ew Stat1 PML 53
< g U20S
T 05
=50 g E
-— = P
@5
38 g @ Q
RAPT| s | — — §
fActin| ep— G 0.0 0205

Fig. 2. SLX4IP Stimulates RAP1 SUM Oylation by PIASL.
(A) Representative Western blot and accompanying quantitation of RAP1 SUMOylation

(S1-RAP1) as a result of SLX41P knockout in U20S cells. WCL.: whole-cell lysate. 7=3
independent experiments. (B) Representative Western blot and accompanying quantitation of
RAP1 SUMOylation following SLX4IP knockdown and reconstitution in D2.OR cells. /=3
independent experiments. (C) Representative Western blot and accompanying quantitation
of RAP1 SUMOylation in U20S cells expressing an SLX4 mutant containing mutated
SUMO-interacting motifs (SIM™Y), =3 independent experiments. (D) Representative
Western blot and accompanying quantitation of SLX4 complex formation with the
E3 SUMO ligase PIAS1, E2 SUMO carrier UBC9, and E3 SUMO ligase MMS21
following SLX4IP depletion in U20S cells. 7=3 independent experiments. (E) Western blot
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demonstrating SLX4IP-dependent PIAS1 activation and RAP1 SUMOylation in a purified
system. Nonlinear contrast adjustment applied to reduce background and aid visualization of
SUMO-RAP1 bands. (F) Michaelis-Menten plot depicting SUMOylation rate as a function
of RAP1 concentration. Reaction velocities were calculated using linear regression analysis
of RAP1 SUMOylation over time at various starting concentrations of RAP1. Catalytic
efficiency (K 4/ Ky for each condition was extrapolated from the best fit curves. The
addition of SLX4IP stimulates PIAS1-directed SUMOylation of RAP1. /7=3 independent
experiments. (G) Representative Western blot and accompanying quantitation of PIAS1-
dependent SUMOylation after introduction of the C350A mutation. Statl, PML, and p53
are known targets of PIAS1. 7=3 independent experiments. (H) Representative Western blot
and accompanying quantitation of RAP1 SUMOylation following ablation of PIAS1 activity
(C350A). 17=3 independent experiments. **£<0.01, ***£<0.001, and ns: not significant, by
Welch’s ttest (A, D, G, and H) or one-way ANOVA (B and C).
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Fig. 3. RAP1 SUM Oylation Underlies SL X4l P-dependent Telomere Plasticity.
(A) Representative Western blot and accompanying SUMO quantitation of RAP1

SUMOylation upon introduction of the K240R mutation in parental and SLX4IP-depleted
U20S cell. 7=3 independent experiments. (B) Quantitation of C-circle abundance in
indicated U20S derivatives by gRT-PCR. /=3 biological replicates. (C) Quantitation of
APB abundance in indicated U20S derivatives. 7=6 visual fields (>90 nuclei per cell
line). (D) Representative IF/FISH images showing APB formation in indicated U20S
derivatives. Scale bar: 5 um. (E) qRT-PCR analysis of TERT and DAXX expression in
indicated U20S cell lines. Expression of each gene was normalized to parental U20S
cells expressing wild-type RAP1. 7=3 biological replicates. (F) Telomerase activity in
indicated U20S derivatives, as determined by TRAP. n=3 independent experiments. (G)
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Violin plots showing quantitation of relative telomere length in indicated U20S derivatives
using Q-FISH. Solid lines indicate mean, and dashed lines indicate interquartile range.
m>500 telomere foci per cell line. (H) gRT-PCR analysis of TERT expression in parental
and RAP1 K237R-expressing D2.0R cells. 7=3 biological replicates. (I) Representative
IF/FISH images showing APB formation in parental and RAP1 K237R-expressing D2.0R
derivatives. Scale bar: 5 um. (J) Quantitation of APB abundance in parental and RAP1
K237R-expressing D2.0OR cells. /7=9 visual fields (>165 nuclei per cell line). *£<0.05,
**p<0.01, and ***/<0.001 by Welch’s ttest (C, E, H and J), one-way ANOVA (A, B, and
F), or Kolmogorov-Smirnoff test (G).
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Fig. 4. RAP1 SUM Oylation Promotes Activation of IKK and Inhibition of Telomerase.
(A and B) Representative IF images (A) and quantitation (B) of RAP1 localization in

indicated U20S derivatives. Scale bar: 5 um. 7=30 cells per line. (C) Representative Western
blot and accompanying quantitation showing RAP1 interaction with IKK, SLX4, and
TRF2 in parental and SLX4IP-depleted U20S cells. 7=3 independent experiments. Images
are taken from the same blot shown in Fig. 2A. (D) ATP consumption as a function of IKKf
concentration in parental and SLX4IP-depleted U20S cells. IKKB ECsq values indicate the
[IKKB] at which there has been a 50 percent reduction in luminescence intensity, which
serves as a proxy for kinase activity. 95% confidence intervals are shown in parentheses. /7=3
biological replicates. (E) Heatmap showing differential expression of genes in the Zhang
Response to IKK Inhibitor and TNF gene set, which includes genes that are downregulated
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following administration of an IKK inhibitor, in parental and SLX4IP-depleted D2.0R cells.
=3 biological replicates. (F) NF-xB reporter activity in indicated U20S derivatives. This
assay quantifies luciferase activity downstream of the NF-xB-responsive MHC | promoter.
=3 biological replicates. (G and H) Representative Western blots and accompanying
quantitation showing reliance of RAP1-IKKp interaction on RAP1 SUMOylation in (G)
U20S and (H) D2.0R cells. 7=3 independent experiments for each. (1) Representative
Western blot and accompanying quantitation showing phosphorylation of an artificial IKK
substrate (IxBa peptide) in indicated U20S derivatives. Incubation with an IKK inhibitor
(IKK-2 Inhibitor V1) serves as a negative control. 7=3 independent experiments. (J)
Representative Western blot and accompanying quantitation showing interaction between
the NF-xB p65 subunit and a synthetic oligonucleotide containing a p65 consensus binding
sequence (NF-xB oligo) in indicated U20S derivatives. 7=3 independent experiments.

(K) gRT-PCR analysis of TERT expression in indicated U20S cell lines that were
pharmacologically or genetically manipulated to modulate NF-xB activity. Cells were either
treated with TNFa with or without an IKK inhibitor (IKKi) or driven to ectopically express
a dominant-negative 1xBa isoform (dnlxBa) that inhibits NF-xB activity. /=3 biological
replicates. *P<0.05, **/<0.01, and ***/~<0.001 by Welch’s ttest (C and H) or one-way
ANOVA (B, F, G, I, J, and K).
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Fig. 5. RAP1-IKK DrivesALT viaan NF-xB:Notch Signaling Axis.
(A) gRT-PCR analysis of Jagged-1 expression in indicated U20S derivatives treated with

an IKK inhibitor or driven to ectopically express a dominant-negative IxBa isoform.

=3 biological replicates. (B) Notch reporter activity in indicated U20S derivatives.

This assay quantifies luciferase activity downstream of the HESZ and HES5 promoters,

as indicated, which are Notch-responsive genes. /=3 biological replicates. (C) Heatmap
showing differential expression of genes in the Reactome Signaling by Notch gene set

in parental and SLX4IP-depleted D2.0OR cells. (D and E) gRT-PCR analysis of Jagged-1
expression (D) or Notch reporter activity (E) in indicated U20S derivatives. 7=3 biological
replicates. (F) Quantitation of APB abundance in parental U20S cells treated with diluent
(DMSO) or the y-secretase inhibitor DAPT (25 pM). /=8 visual fields (>105 nuclei per cell
line). (G) Representative IF/FISH images showing APB formation in U20S cells subjected
to the indicated treatments. Scale bar: 5 um. (H) Quantitation of C-circle abundance by
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gRT-PCR in U20S cells subjected to the indicated treatments. 7=3 biological replicates.
**P<0.01 and ***F<0.001 by Welch’s ttest (B, F, and H) or one-way ANOVA (A, D, and
E).
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Fig. 6. NF-xB and Notch Can be Therapeutically Targeted in ALT-driven Cancer Cells.
(A) Violin plot depicting pan-cancer enrichment analysis of a Notch-associated gene

signature in TCGA specimens expressing high (SLX4IPNi9") and low (SLX4IP!OW) Jevels

of SLX4IP. Horizontal lines represent the median enrichment score for each group. m7=4259
(SLXA4IPowy 1=4207 (SLX4IPNigh)_(B) Correlation (represented by Spearman’s p) of IKK
inhibitor (BMS-345541) sensitivity with SLX4IP (top) and PIAS1 (bottom) expression
across cancer cell lines (7=727). A lower ICsq value indicates increased sensitivity to
treatment with BMS-345541. (C) Three-dimensional outgrowth of parental (top row) and
SLX41P-depleted (bottom row) U20S cells expressing wild-type (left column) or SUMO-
deficient (right column) RAPL. Cells were treated with diluent (DMSQO), IKK-2 Inhibitor VI
(1 uM), DAPT (25 uM), or Jagged-1 neutralizing antibody (nAb; 20 ng/mL) as indicated.
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=3 biological replicates. (D) Viability of indicated U20S derivatives treated with IKK-2
Inhibitor VI (left) or DAPT (right). 7=3 independent experiments. (E) Caspase-3/7 activation
in indicated U20S derivatives treated as indicated. /=3 independent experiments. (F and

G) NF-xB (F) and Notch (G) reporter activity in parental and 5-FdU-resistant (5-FdU-Res)
HCC1806 cells. 7=3 biological replicates for each. (H) Three-dimensional outgrowth of
parental and 5-FdU-resistant HCC1806 cells treated with 5-FdU (500 nM) in combination
with IKK-2 Inhibitor VI (1 pM) or DAPT (20 uM). /=3 biological replicates. **/~<0.01 and
***P<0.001 by Mann-Whitney Utest (A), Welch’s ¢test (F and G), or one-way ANOVA (C
and H).
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Fig. 7. Proposed Model of IKK:NF-xB:Notch Signaling Control by SL X4IP and RAPL.
SLX4IP facilitates recruitment of PIASL1 to the SLX4 scaffold and promotes SUMOQylation

(S) of RAP1. SUMOylated RAP1 is exported from the nucleus to the cytoplasm, where it
interacts with IKK (as part of the heterotrimeric IKK complex), stimulating NF-xB nuclear
translocation via IxBa phosphorylation and degradation. Once in the nucleus, NF-xB
increases Jagged-1 transcription while simultaneously suppressing TERT. Jagged-1 binds

to Notch receptors on neighboring cells, which liberates the Notch intracellular domain
(NICD) through activation of the -y-secretase (GS) pathway. NICD is a transcription factor
that recognizes its targets by binding with additional transcriptional co-activators (RBPJ

and MAML). These targets comprise a host of transcription factors (for example, Hesl

and Hey?2) that directly coordinate the cellular Notch response. This response includes the
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modulation of ALT-associated gene expression as well as other features of ALT, such as
APB formation. In the absence of SLX4IP, RAP1 fails to be SUMOylated and bind to IKKp,
which diminishes both NF-xB and Notch signaling, thereby removing repression of TERT
and dampening Notch-driven activation of ALT. In this way, SLX4IP promotes ALT, and we
hypothesize that it controls telomere plasticity through its role in directing PIAS1-mediated
SUMOylation of RAP1.
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