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SUMMARY

Hypoxia is one of the critical stressors encountered by various cells of the human
body under diverse pathophysiologic conditions including cancer and has pro-
found impacts on several metabolic and physiologic processes. Hypoxia prompts
internal ribosome entry site (IRES)-mediated translation of key genes, such as
VEGF, that are vital for tumor progression. Here, we describe that hypoxia
remarkably upregulates RNA Polymerase | activity. We discovered that in
hypoxia, rRNA shows a different methylation pattern compared to normoxia.
Heterogeneity in ribosomes due to the diversity of ribosomal RNA and protein
composition has been postulated to generate “specialized ribosomes” that
differentially regulate translation. We find that in hypoxia, a sub-set of differen-
tially methylated ribosomes recognizes the VEGF-C IRES, suggesting that ribo-
somal heterogeneity allows for altered ribosomal functions in hypoxia.

INTRODUCTION

Hypoxia is a common physiologic stressor. Itis one of the noticeable features of solid tumors and is a critical
determinant of tumor progression (Gilkes et al., 2014; Nakazawa et al., 2016). Hypoxic tumors are often
poorly differentiated, highly invasive, and are resistant to treatment (Samanta et al., 2014). Several evi-
dences indicate that hypoxia supports cancer stem cells (Keith and Simon, 2007; Samanta et al., 2014).
Cellular adaptation to hypoxia is predominantly driven by stabilization of the HIF-1a transcription factor.
HIF-1a activates transcription of several target genes that profoundly modulate cellular functions (Se-
menza, 2012). Hypoxia also impacts protein translation (Braunstein et al., 2007). In normoxic conditions,
translation of majority of mRNAs is initiated by ribosomes following recognition of the 7-methylguanylate
cap (m’GpppN). Cells challenged with hypoxia tend to show a mechanistic switch in the way ribosomes
recognize some mRNA transcripts. Hypoxia represses cap-mediated translation by promoting sequestra-
tion of elF4E, as a result of increased binding of elFAE with 4E-BP1. This causes disruption of the elF4F-con-
taining translation initiation complex (Gebauer, 2012; van den Beucken et al., 2006). In hypoxic conditions,
some genes, such as vascular endothelial growth factor (VEGF-C), utilize an alternative mode of protein
translation that engages the internal ribosome entry site (IRES) (Braunstein et al., 2007; Morfoisse et al.,
2014). This allows the cells to bypass the inhibition of cap-dependent translation (Holcik and Sonenberg,
2005). This translational switch from cap-dependent to cap-independent (IRES-dependent) translation
has been regarded as one of the vital attributes of the adaptive response of cancer cells challenged
with a hypoxic microenvironment (Braunstein et al., 2007). Accounting for a broader explanation and diver-
gent evidence, we surmise that hypoxia blocks most of elF4F-directed cap-dependent translation while
activating other elF4F-independent but cap-dependent pathways in addition to some specific contribu-
tors, such as IRES for VEGF-C (Jackson, 2013; Young et al., 2008).

Ribosomes are macromolecular machines involving an intricate assembly of proteins and ribosomal RNA
(rRNA), with the sophisticated function of translating messenger RNA (Hussmann et al., 2017). RNA poly-
merase | (RNA Pol I) is the only RNA polymerase that transcribes ribosomal DNA (rDNA) to make the
core rRNA components, 28S, 5.8S, and 18S, for assembly of ribosomes. rDNA exists in tandem repeats
(over 200 copies total) located on acrocentric chromosomes (this corresponds to human chromosomes
13,14, 15, and 21, 22) (Weeks et al.,, 2019). Nucleoli are non-membranous, liquid-liquid droplet-like,
intra-nuclear bodies that form around nucleolar organizer regions (NORs), the chromosomal regions
that actively code for rRNA (Feric et al., 2016; Leslie, 2014). For cells under homeostasis, only few rDNA
loci need to be active; this is reflected as fewer nucleoli. However, physiologically challenged cells or prolif-
erating cells tend to show reliance on increased transcription of rDNA and consequently increased
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ribosome biogenesis, evident morphologically as increased number of nucleoli (Farley-Barnes et al., 2018;
Ferreira et al., 2020). Due to its utmost importance, rDNA transcription is very tightly regulated. Multiple
factors influence the binding of RNA Pol | to the rDNA loci (Bywater et al., 2012; Peltonen et al., 2014).
Despite its vital role in normal and disease pathophysiologies, the functional and mechanistic impacts of
hypoxia on ribosome biogenesis and RNA Pol | activity remain largely unexplored. Here we show our find-
ings that in chronic hypoxic conditions, cells dramatically increase RNA Pol | activity by activating upstream
binding factor/upstream binding transcription factor (UBF/UBTF).

Tumor hypoxia triggers an angiogenic switch. Hypoxia prompts vascularization through elevated expres-
sion of proangiogenic factors such as VEGF. Angiogenesis is regulated by multiple checks, including at
the level of mRNA translation (Bergers and Benjamin, 2003). During hypoxia, VEGF mRNA is translated
using an IRES. In the recent past, there have been indications of specialized changes or heterogeneity in
ribosomal structure (Genuth and Barna, 2018; Xue and Barna, 2012). However, links to the “functional
specialization” of ribosomes are still emerging (Dinman, 2016; Genuth and Barna, 2018). One of the ma-
jor challenges to defining specialized ribosomes has been a lack of methodology to selectively isolate a
specialized subpopulation of ribosomes responsible for the functional diversity (Genuth and Barna, 2018;
Haag and Dinman, 2019). Using IRES-based translation of VEGF-C messenger RNA under hypoxia as a
specific model, we are able to reveal that ribosomes exist in specialized sub-groups that contain
rRNA marked with differential methylation patterns and are entrusted with the specialized task of IRES
recognition.

RESULTS
Hypoxia upregulates RNA Pol | activity

Intra-tumoral hypoxia is one of the notable features of poorly differentiated, highly invasive, treatment-
resistant solid tumors and is a critical determinant of tumor progression (Semenza, 2012). RNA Pol | activity
has been implicated to be very importantin tumor growth (Hein et al., 2013; Peltonen et al., 2014). However,
the impact of hypoxia on RNA Pol | activity remains largely unknown. To test this, we used two distinct
models. The first model comprises T47D breast tumor cells and immortalized human mammary epithelial
cells (HMECs) grown under hypoxic (or normoxic) conditions, while the second model is a pair of syngeneic
breast epithelial cell lines, MCF10A and MCF10CA1acl.1. In normoxic conditions, there is no detectable
HIF-1a protein in MCF10A cells, whereas MCF10CA1acl.1 cells have inherently high levels of HIF-1a protein
(Figure STA). We analyzed RNA Pol | activity by quantifying the short-lived 5 external transcribed spacer
(5'ETS) (Peltonen et al., 2014) (Figure 1A). The results clearly revealed that under hypoxia or in the presence
of high levels of HIF-1a, there is a significant increase in RNA Pol | activity, that is evident in elevated levels
of the 5’ETS transcripts (Figure 1B). Concurrently, to assess nascent RNA synthesis, most of which is rRNA
species, cells were pulsed with 5-Fluorouridine (FUrd). We observed ~2 fold increase in fluorescence inten-
sity in cells cultured in hypoxia, confirming that RNA Pol | activity is elevated in hypoxia (Figures 1C, S1C,
and S1D). Consistent with our findings from hypoxic cells, introduction of a stable form of HIF-1a; [with mu-
tations (Pro-402/Pro-564 replaced by Ala) in the recognition sites of E3 ubiquitin ligase VHL], into MCF10A
cells, also caused an increase in RNA Pol | activity (Figures STA and S1B). Furthermore, silencing HIF-1a in
MCF10CA1acl.1 cells, induced a significant decrease in RNA Pol | activity as evidenced by a decrease in
5'ETS transcripts and FUrd incorporation (Figures S1A, S1B, and S1E)

RNA Pol | is a multi-subunit enzyme. RPA194 is the catalytic and largest subunit of the RNA Pol | complex.
RNA Pol | activity is tightly controlled by a series of molecular events to ensure precise transcription of
rDNA. UBTF/UBF plays a prominent role in recruiting RNA Pol | to rDNA and elongation of rRNA transcripts
(Potapova and Gerton, 2019; Russell and Zomerdijk, 2005). Thus, elevated RNA Pol | activity will need an
increased presence of UBF as well as RPA194 at rDNA loci. Using ChIP primers (positions designated in Fig-
ure 1A), we observed that under hypoxia, UBF as well as RPA194 show a remarkably increased occupancy
along the rDNA (Figures 1D and S1F). In agreement with this observation, MCF10A cells transfected with
stable HIF-1a, showed a significantly increased occupancy of UBF (Figure S1G). Increased transcription
rates are supported by open chromatin structure. Histone markers H3K4Me3, H3K%ac, and H3K27ac are
indicative of open chromatin in rDNA (Yu et al., 2015). Using ChIP-gPCR, we observed an overall increase
in these marks at rDNA in hypoxia, confirming elevated RNA Pol | activity (Figure TE).

Increased RNA Pol | activity is a requisite for upregulated ribosome biogenesis. Increased ribosome
biogenesis is evident as increased number of nucleoli (Farley-Barnes et al., 2018). Supporting this notion,
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Figure 1. Hypoxic stress upregulates RNA Pol | activity

(A) Schematic of rDNA 45S locus: Red arrows indicate the location of ChIP primers ‘c’ used in this study. ETS = External transcribed spacer; ITS = Internal
Transcribed Spacer; IGS = Intergenic Sequence.

(B) RT-gPCR performed using primers specific to two distinct ETS regions show increased steady state levels of rRNA corresponding to the 5'ETS, indicating
increased Pol | activity in hypoxia (T47D or HMEC) or in MCF10CA1acl.1(cells with high endogenous levels of HIF-1a).

(C) Increased FUrd incorporation in hypoxia (T47D or HMEC). Graphs indicate fold change in mean fluorescence intensity, 120 cells quantified in each group
and experiments repeated once.

(D and E) (D) Increased occupancy of rDNA loci by Pol | transcription co-factor UBF (UBTF) measured by ChIP RT-gPCR, evaluated under hypoxia (T47D or
HMEC) or in MCF10CA1acl.1 (E) Under hypoxia (T47D cells) as well as in MCF10CA1acl.1, rRNA locus shows enrichment of H3Kme3, H3K9ac and H3K27ac;
histone marks corresponding to open chromatin.

(F) Various cell lines of breast epithelial origin show significantly increased number of nucleoli/cell in hypoxia.

(G) Intra-tumoral hypoxic regions corresponding to positive pimonidazole staining show significantly increased nucleoli/nucleus compared to the normoxic
regions from the same tumor.

Data are represented as mean + SEM.

* indicates p < 0.05 and **** indicates p < 0.001.

when we cultured multiple breast cell lines in hypoxia, we observed a significant increase in the number
of nucleoli per nucleus (Figure 1F). We were interested in determining if this increased nucleolar number
will also be seen in the hypoxic region of tumors. For this, we injected spontaneous tumor bearing
MMTV-neu mice with pimonidazole and mapped intra-tumoral hypoxic regions by immunohistochemical
detection for pimonidazole adducts (Ragnum et al., 2015). Simultaneously, consecutive sections were
stained for nucleoli using AgNOR staining. Upon digital overlay of the sections, we observed a notice-
able increase in the number of nucleoli per nucleus in the hypoxic region of tumors compared to the
normoxic region (Figure 1G). Thus overall, there is robust activation of rRNA synthesis when cells are
challenged with hypoxic stress.
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Ribosomes show an altered rRNA methylation pattern under hypoxia

Hypoxia reconfigures translational controls (van den Beucken et al., 2006; van den Beucken et al., 2011). Under
normoxic conditions, most eukaryotic mRNA translations are initiated by ribosomes upon recognition of the 5’
cap structure. Additionally, translation initiation involves synergistic action of the 5 cap and the 3 poly(A) tail of
the mRNAs. However, ribosome binding to some mRNAs in certain physiological situations is end-independent
and occurs at an IRES (Braunstein et al., 2007). Hypoxic stress compromises cap-dependent translation and
prompts a cap-dependent to cap-independent translation switch that utilizes IRES (Braunstein et al., 2007).
For most IRESes, the precise molecular determinants of internal ribosome entry are unknown.

VEGF-C mRNA has a well characterized IRES that is active under hypoxia (Arcondeguy et al., 2013; Bornes et al.,
2007). We used a bicistronic reporter to confirm the VEGF-C IRES activation. In this system, from a single RNA
message, renilla luciferase is translated in a cap-dependent mechanism and a VEGF-C IRES drives translation of
firefly luciferase. Increased VEGF-C IRES-driven translation is registered as increased ratio of firefly to renilla
luciferase activity (Morfoisse et al., 2014). Hypoxia as well as stabilized HIF-1a, remarkably induced VEGF-C
IRES-initiated translation (Figure 2A); whereas HIF-1a silencing dramatically suppressed VEGF-C IRES-depen-
dent translation (Figure S2A). VEGF-A, has a well described independent IRES element that is influenced by
hypoxia (Hantelys et al., 2019; Morfoisse et al., 2014, 2015). We utilized a VEGF-A bicistronic reporter which
confirmed our findings of hypoxic activation of the VEGF-C IRES (Figure S2B). Consistent with respective
IRES activation, protein levels of both VEGF-C and A increased in hypoxic conditions (Figures S2C and S2D).

We hypothesized that hypoxic stress would provide a new pool of rRNA to undergo distinct modifications for
recognizing the VEGF-C IRES. Ribose 2'-O-methylation (2/-O-Me) is the most abundant rRNA secondary modi-
fication and is essential for accurate and efficient protein synthesis in eukaryotic cells (Erales et al., 2017; Krogh
etal., 2016). To test our hypothesis, we used VEGF-C IRES as an affinity tool. We employed biotin-labeled RNA
from a bona fide IRES sequence in the 5 UTR of VEGF-C mRNA (Morfoisse et al., 2014) to pulldown ribosomes
that specifically bind to this sequence, in the presence or absence of hypoxic stress. We used a site-specific RT-
gPCR-based approach to assess 2'-O-Me at 14 different sites in functionally important domains of the rRNA
isolated from these enriched ribosomes (Belin et al., 2009; Marcel et al., 2013) (schematic Figure 2B). These
rRNA methylation sites are distributed along the 185 and 285 rRNAs and are localized within key functional do-
mains of rRNAs, i.e., the decoding center (DC) in the 18S rRNA, the peptidyl transferase center, and the helix 69
(H69) of 28S rRNA (Marcel et al., 2013). The extent of methylation was determined as methylation ratio, as ex-
plained in the Transparent methods section. It is important to note that we also analyzed the total cellular pool
of rRNA, under normoxia or hypoxia, for these 2'-O-Me sites. The total cellular rRNA pool showed consistent
changes in both, the T47D and MCF10 models, in the level of methylation at seven out of fourteen of these sites
indicative of a distinct 2'-O-Me pattern in hypoxia (Figures 2Cl and 2Cll). We then analyzed rRNA from VEGF-C
IRES-bound ribosomes under hypoxia for the 2/-O-Me sites in both, the T47D and MCF10 models. We noticed a
distinct rRNA methylation pattern in VEGF-C IRES-bound ribosomes under hypoxia when compared to that of
IRES-bound ribosomes in normoxia (Figures 2Dl and 2DII). This implies that in hypoxia, a specific pool of ribo-
somes with a separate 2'-O-Me pattern is enriched at the VEGF-C IRES. Most importantly, the rRNA from IRES-
bound ribosomes in hypoxia showed a discrete 2/-O-Me pattern compared to the methylation pattern of the
total cellular pool of rRNA under hypoxia (Figures 2EI and 2Ell).

Essentially our observations indicate that under hypoxia, the 2-O-Me methylation patterns of total rRNA
change. VEGFC-IRES allowed us to isolate a subpopulation of these ribosomes in hypoxia and that popu-
lation had a characteristic methylation pattern. To further test the importance of 2/-O-Me on modulating
IRES activity in hypoxia, we silenced the rRNA 2/-O-methyltransferase, fibrillarin (Figures S2E and S2F). Fi-
brillarin was silenced in cells for 48 hr and then cells were incubated in hypoxia prior to assaying IRES ac-
tivity. We recorded a convincing decrease in VEGF-C IRES reporter activity when fibrillarin was silenced in
cells cultured in hypoxia (Figure 2F). Furthermore, VEGF-C and VEGF-A protein levels were considerably
decreased despite hypoxia when fibrillarin was silenced (Figures S2E and S2F). Overall, these data reveal
that there is a characteristic 2’-O-Me methylated sub-pool of rRNA in hypoxia that constitutes IRES-bound
ribosomes that ultimately influences IRES translation initiation.

NMI binds to SNORDs and mediates rRNA methylation

Itis exciting to find that rRNA methylation is altered in hypoxia. Moving forward, we sought to unravel clues
to underlying mechanisms that control changes in the rRNA methylation patterns under hypoxia. A group
of non-coding RNA residing in the nucleolus, called small nucleolar RNAs (snoRNA), play an important role
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Figure 2. Ribosomes show an altered rRNA methylation pattern under hypoxia

(A) Bicistronic luciferase reporter of cap vs VEGF-C IRES-driven translation was used to measure the increase in VEGF-C IRES translation under hypoxia.
(B) Experimental schema: Biotinylated VEGF-C IRES sequence is used to isolate VEGF-C IRES binding ribosomes. Ribosomal RNA isolated VEGF-C was
queried for methylation at methylation sites of specific BOX C/D snoRNAs for studies depicted in (C-E).

(C) (1) Methylation pattern of total cellular ribosomes from T47D cells in normoxic conditions was compared to methylation pattern of total cellular ribosomes
from T47D cells in hypoxic condition. Similarly, methylation pattern of total cellular ribosomes from MCF10A cells was compared with methylation pattern of
total cellular ribosomes from MCF10CA1acl.1 cells (isogenic cells with naturally high levels of HIF-1a). () Table listing consistent rRNA methylation changes
in total cellular rRNA in hypoxia compared to normoxia in both models (repeated twice).

(D) (I) Methylation pattern of VEGF-C IRES-bound ribosomes from T47D cells, under normoxia was compared to methylation pattern of VEGF-C IRES-bound
ribosomes from T47D cells grown under hypoxia. Similarly, methylation pattern of VEGF-C IRES-bound ribosomes from MCF10A cells was compared with
methylation pattern of VEGF-C IRES-bound ribosomes from MCF10CA1acl.1 cells. () Table listing consistent rRNA methylation changes in IRES-bound
ribosomes in hypoxia compared to normoxia in both models (repeated twice).

(E) (I) Methylation pattern of VEGF-C IRES-bound ribosomes from T47D cells, under hypoxia was compared to methylation pattern of total cellular ribosomes
from T47D cells in hypoxic condition. Similarly, methylation pattern of VEGF-C IRES-bound ribosomes from MCF10CA1acl.1 cells was compared with
methylation pattern of total cellular ribosomes from MCF10CA1Tacl.1 cells. (Il) Table listing consistent rRNA methylation changes in IRES-bound ribosomes in
hypoxia compared to rRNA methylation of total cellular pools of ribosomes in both models (repeated twice).

(F) VEGF-C IRES reporter activity was measured inT47D or HMEC in hypoxia 48 hr after silencing fibrillarin expression.

NOTE: In all tables, orange color indicates changes specific to sites on 28S. Black color indicates changes specific to sites on 18S. Data are represented as
mean + SEM.

* indicates p < 0.05 and **** indicates p < 0.001

in guiding chemical modifications of rRNA. C/D box snoRNA (SNORDs), guide rRNA 2’-O-Methyltransfer-
ase, fibrillarin, to methylate specific bases of the rRNA (van Nues and Watkins, 2017). There are over 106
SNORDs in human cells (D'Souza et al., 2019). However, clues to which SNORDs decide the methylation
of rRNA in conditions such as hypoxia are still to be unraveled.
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Hypoxia is one of the well-established drivers of epithelial-mesenchymal-transition (EMT). Multiple studies
from our group have highlighted the importance of NMI (N-Myc and STAT interactor) protein in negatively
impacting EMT (Devine et al., 2014, Pruitt et al., 2018). NMI protein contains a previously uncharacterized
RNA recognition motif (RRM) at aa. 157-236. RRMs recognize single stranded RNAs. We explored if hyp-
oxia influenced NMlI protein levels. As seen in Figures 3A and S3A we observed that in hypoxic conditions,
NMI expression is remarkably compromised at protein, as well as mRNA levels. Moreover, we observed
that in MMTV-Neu derived spontaneous tumors, intra-tumoral hypoxic regions showed a noticeable loss
of Nmi protein expression compared to the normoxic regions (Figure 3B).

We conducted RNA IP-seq (RIP-seq) using HA-tagged NMI to determine RNA species that can physically
bind to NMI protein. To our excitement, we found that many of the top-ranking RNA entities bound to NMI
were SNORDs (Figure S3B). This prompted us to undertake a targeted query for all 14 SNORDs that guide
2'-O-Me at 14 sites that we previously queried for differential methylation patterns. Figure S3C shows the
SNORDS with corresponding 2’-O-Me sites. We queried NMI-bound RNA by real-time PCR using specific
primers to these SNORDs. We found that nine out of fourteen SNORDs bound NMI protein (Figure 3C).
Moreover, seven of the nine SNORDs recognized by NMI corresponded to the rRNA 2'-O-Me sites that
were notably reduced for methylation in VEGF-C IRES-recognizing ribosomes in hypoxia. These SNORDs
(33, 35A, 4A, 26, 80, 50A and 20) and corresponding methylation sites are shown Figure S3C. We wanted to
explore if NMI mediates the binding between SNORDs and the rRNA 2'-O-methyltransferase, fibrillarin.
We immunoprecipitated NMI and observed that fibrillarin was co-immunoprecipitated with it (Figure 3D).
Silencing NMI expression resulted in an increase in VEGF-C IRES-mediated translation, similar to hypoxia
induced IRES translation (Figure 3E). We then sought to determine the effect of silencing NMI on rRNA
methylation pattern of VEGF-C IRES-recognizing ribosomes. Site-specific RT-gPCR analysis of rRNA bound
to VEGF-C IRES showed that loss of NMI yielded changes in methylation pattern common to hypoxia (Fig-
ures 3Fl and 3Fll). Moreover, the bicistronic reporter of cap vs VEGF-C IRES translation showed that exog-
enous restoration of NMl in hypoxia treated cells significantly decreased cap-independent translation (Fig-
ure 3G). Overall, these results highlight loss of NMI as an important event that shapes rRNA methylation in
hypoxic conditions.

A distinct set of proteins is recruited to VEGF-C IRES under hypoxia

We further explored if hypoxic conditions instigate recruitment of specific proteins to the VEGF-C IRES. We
used the biotin-labeled VEGF-C IRES sequence to capture IRES-bound ribosomes and associated proteins
using two different cell systems (i) T47D cultured in normoxic or hypoxic conditions and (ii) MCF10A,
MCF10CATacl.1. We conducted proteomics analysis to identify the captured IRES-bound proteins.
Combined datasets from two independent runs were analyzed using Scaffold 4 and unique proteins
were identified. Unsurprisingly, mass spectrometry (MS)-based identification revealed that more than
80% of the proteins were commonly present in IRES-bound ribosomes under hypoxic and normoxic condi-
tions (Figure S4A). Many of these proteins are ribosome-associated proteins or structural constituents of
ribosomes as revealed by KEGG Analysis. A gene ontology search revealed that the most predominant
proteins that were pulled down were ribosomal proteins involved in ribosomal subunit assembly, rRNA
processing, splicing, and translational elongation (Figures S4B-S4D). Five proteins were distinctly enriched
at the VEGF-C IRES under hypoxia. These were Eukaryotic initiation factor 4A-I (EIF4A1), Rho/rac guanine
nucleotide exchange factor 2 (ARHGEF2), Nuclear fragile X mental retardation-interacting protein 2 (NU-
FIP2), Polyadenylate-binding protein 1 (PABPC1), and ribosomal protein L6 (RPL6) (Figure 4A).

Presence of RPL6, a protein constituent of the large ribosomal subunit, points to the recruitment of ribo-
somes for translation via the IRES. EIF4A1 is a member of the DEAD-box family of RNA helicases that un-
winds the secondary structure of mRNAs to permit ribosomal recruitment. It is required at high abundance
(three copies per ribosome) for translation initiation, specifically to unwind and prepare mRNA for transla-
tion. Itis an essential factor for 5 cap-dependent translation but is also required for IRES-dependent trans-
lation initiations (Bordeleau et al., 2006). The 3’ poly(A) tail of eukaryotic mRNAs functions as an important
regulator of protein synthesis and mRNA stability. The poly(A) tail is recognized by PABPC1, and its recruit-
ment improves the efficiency of translation initiation. It is suggested that the “closed-loop” structure
formed from the interaction of PABPC1 with poly(A) is key to recruitment of ribosomes (Lacerda et al.,
2017; Shatsky et al., 2018). PABPC1 has also been proposed to associate with the 60S subunit of ribosome
(Goss and Kleiman, 2013; Lacerda et al., 2017). Overall, the enrichment of RPL4, EIF4A1 and importantly,
PABPC1 at the VEGF-C IRES indicates active VEGF-C IRES mediates translation under hypoxia.
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Figure 3. NMI binds to SNORDs and changes methylation in hypoxia

(A) Analysis of MRNA and protein isolated from T47D cells incubated in hypoxia show that expression of NMI mRNA (bar graph) is decreased in hypoxia. The
adjacent Western blot shows that protein level of NMl is also reduced in hypoxia.

(B) Analysis of hypoxic regions from tumors from MMTV-Neu mice shows that NMI protein expression is abundant in areas with less hypoxia as measured by
pimonidazole staining. This data is from multiple regions of three independent tumors from three different mice. The insets a and b are representative
images showing example of NMI staining pattern compared with pimonidazole staining.

(C) Real-time PCR validation of SNORDs bound to NMI identified by RNA [P-seq.

(D) MDA-MB-231 HA-tagged NMI cells co-immunoprecipitationusing HA-tagged beads and subsequent detection of fibrillarin using Western blot analysis.
(E) Bicistronic luciferase reporter vector for VEGF-C IRES-driven translation showed significant increase in IRES-driven translation in T47D cells silenced for
NMI expression.

(F) (1) Methylation pattern of total cellular ribosomes from T47D cells with non-targeting shRNA shows a distinctive profile when compared with total
methylation pattern of total cellular ribosomes from NMI silenced T47D cells. Similarly, methylation pattern of VEGF-C IRES-bound ribosomes from T47D
cells with non-targeting shRNA shows clear changes in methylation pattern of VEGF-C IRES-bound ribosomes from NMI silenced T47D cells. () Common
rRNA methylation changes in IRES-bound ribosomes in hypoxia compared to T47D cells silenced for NMI expression.

(G) VEGF-C-IRES reporter activity shows significant increase in hypoxia. This increased activity is reduced by exogenous expression of NMI. The experiments
were conducted in T47D cells. Each group was measured in triplicate. Data represented are from two biological repeats.

IRES-transacting factors (ITAFs) belong to the group of heterogeneous nuclear ribonucleoproteins (hnRNPs).
These are proteins specifically involved in IRES-mediated translation but not in cap-dependent translation.
ITAFs mediate binding between IRESes, ribosomes, and translation initiation factors (Lacerda et al., 2017).
Thus, under conditions that impair canonical, cap-dependent translation, the synthesis of select proteins is
enabled by ITAF-directed alternative mechanisms. These include a cache of proteins required for cell survival
and stress recovery. Thus, it would be logical to expect that the MS based analysis will reveal certain ITAFs
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Figure 4. Under hypoxia a distinct set of proteins is recruited to VEGF-C IRES
(A) Mass spectrometry analysis results of proteins isolated from ribosomes bound to VEGF-C IRES in normoxia were compared with proteins isolated from

ribosomes bound to VEGF-C IRES in hypoxia. Volcano plot reveals specific enrichment of PABPC1, RPL6, EIF4A1, ARHGEF2, and NUFIP2 as IRES-bound

proteins significantly enriched under hypoxia.
(B) Western blot analysis of protein extracts from VEGF-C IRES-bound proteins in hypoxia or MCF10CA1acl.1 confirms specific enrichment of PABPC1 and

ITAFs (hnRNPL and hnRNPE1).
(C) Bicistronic reporter vector for VEGF-C IRES-driven translation showed significant reduction in IRES-driven translation in hypoxia under limiting availability

of ITAFs (hnnRNPE1T and hnRNPL); scrambled siRNA was used as a control.
(D) Schematic representation of IRES translation switch under hypoxia and contribution of specialized ribosomes: Under normoxic condition, CAP-

dependent translation proceeds when ribosomal subunit 40S, in collaboration with PABPC1(PABP), and EIF4 complex (Including EIF4A) establishes a loop-
like structure that encompasses cap and polyA tail. In hypoxia, ribosomal subunit 40S with specific methylation pattern, in collaboration with PABP, EIF4A,
and ITAFs constitutes an alternative loop at the IRES site that will allow IRES-driven translation.

Data are represented as mean SEM * indicates p < 0.05.

enriched at IRES under hypoxia. However, we did not see ITAFs among the distinctly enriched proteins (Fig-
ure 4A). This was due to the stringent exclusion criteria used by us for proteomics analysis. However, in-depth
examination of proteomics data at reduced stringency revealed that ITAFs, hnRNPL, and hnRNPE1 (PCBP1),
were enriched at IRES in hypoxia. To confirm the recruitment of ITAFs, we performed Western blot analysis
of VEGF-C IRES-bound proteins under hypoxia. The results clearly revealed enrichment of hnRNPL and
hnRNPE1 in IRES-bound proteins under hypoxia (Figure 4B). Both these ITAFS are implicated in IRES recogni-
tion (King et al., 2010). In order to address their relevance to VEGF-C IRES, we used bicistronic reporter of cap vs
VEGF-C IRES-driven translation (Morfoisse et al., 2014). We found that silencing the expression of any one of
these ITAFs (hnRNPE1 or hnRNPL) reduced IRES-driven translation activity under hypoxia, confirming the

requirement of these ITAFs in VEGF-C IRES-driven translation (Figure 4C).

Thus, in addition to the enrichment of RPL6, EIF4A1 and PABPC1 at the VEGF-C IRES, its confirmed asso-
ciation with ITAFs, hnRNPL and hnRNPE1 suggests hypoxia-driven active VEGF-C IRES. Overall, these data
suggest that in hypoxia the VEGF-C IRES recognizes ribosomes with an altered methylation pattern.
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DISCUSSION

Tumorigenesis involves molecular mechanisms that enable cells to endure or adapt to stress. Several
growth factors and oncogenes have IRES elements in their 5UTRs. Use of the VEGF-C IRES allowed us
to categorically segregate an IRES-bound ribosomal pool. The sequence and secondary and tertiary struc-
tures of rRNAs are well conserved. Recent studies have brought to light heterogeneity in secondary mod-
ifications of rRNA (Eisenstein, 2017; Krogh et al., 2016; Roundtree et al., 2017). Also recently, the concept of
ribosome-mediated regulation of translation has emerged, which proposes that cells produce sub-sets of
ribosomes of different composition, and each sub-set displays selective translational properties (Erales
et al., 2017). These changes seem to be in response to various physiologic activities of cells, including
mechanisms necessary to endure cell stress. For example, nutrient limitation-induced stress in E. coli
changes the relative expression of rDNA operons to alter the rRNA composition within the actively trans-
lating ribosome pool (Kurylo et al., 2018). rRNA methylation is critical for proper assembly of ribosomal
complex and efficient translation initiation through IRES (Basu et al., 2011). Observations like these have
given rise to the concept of “ribosome heterogeneity” and “specialized ribosomes” (Genuth and Barna,
2018; Shietal., 2017; Xue and Barna, 2012). Ribosomal RNA modification is emerging as a major contributor
of ribosomal heterogeneity (Monaco et al., 2018). However, the specific functions of modified nucleotides
in rRNA and how they program ribosomal heterogeneity are still being deciphered. The nucleotides
queried in this study are located in evolutionarily conserved and functionally important regions of rRNA
(Kufel and Grzechnik, 2019; Marcel et al., 2013). The role of snoRNAs in controlling cell behavior and tumor
biology is gaining attention (Liu et al., 2020). Considering that each human ribosome contains around 100
ribose methylations and 100 pseudouridines and that each position is subject to individual regulation
through specific snoRNA guides, the potential for heterogeneity within ribosomal subpopulations is enor-
mous (D'Souza et al., 2019; Sloan et al., 2017).

Cumulatively, our observations suggest that rRNA transcription is upregulated in hypoxia. Hypoxia also en-
ables generation of rRNA “coded” by differential methylation. Overall, increased RNA Pol | activity
combined with methylation pattern differences, driven by SNORDs causes a shift in rRNA subpopulations
in response to hypoxic stress. It is likely that this shift in the methylation patterning of rRNA ultimately leads
to recruitment of proteins with the ribosome to activate VEGF-C IRES, pivoting the cells ability from cap-
dependent to cap-independent translation. Molecular details of how hypoxia affects tumor cell fate are still
evolving (Choudhry and Harris, 2018; Qiu et al., 2017; Rankin et al., 2016). Responses of a cell to acute vs
chronic hypoxia are different (Chee et al., 2019; Han et al., 2017). Additionally, some of the response is tis-
sue, organ and pathology specific, simply because what is considered as hypoxic condition in one context
is not directly applicable to the other (Rundqvist and Johnson, 2013). Activation of HIF-1a has a major tran-
scriptional impact in activating expression of multiple genes. In addition to transcription, regulation of
mRNA stability plays a key role in hypoxia. For instance, under hypoxia VEGFA mRNA is stabilized (Gold-
berg-Cohen et al., 2002). Furthermore, hypoxia indirectly requlates mRNA stability and translation through
miRNAs (Camps et al., 2014; Voellenkle et al., 2012). Thus, there are several variables in the resultant cellular
response to hypoxia. It is critical to note that detailed studies by Tiana et al. show that rRNA is degraded in
hypoxia, which seems counter intuitive. A major difference between Tiana et al., and this manuscript is the
length of hypoxic incubation. Tiana et al., use significantly shorter periods of hypoxia (8-16 hr) whereas
work presented here uses 72 hr (Tiana et al., 2020). However, an interesting likelihood emerges that inte-
grates these apparent discrepancies. It is possible that hypoxic cells choose to degrade mRNAs that are
not being translated, together with the ribosomes that contain unsuitably methylated rRNA, as those
may no longer be needed for translation. While the cell is making a go-no go survival decision in response
to hypoxic stress, it tries to curtail unnecessary energy expenditure and thus contextually tries to reduce
translation and possibly adopt cap-independent means of translation for some key genes. Whether this
translation is IRES-dependent is highly debatable (Young et al., 2008). However, there are certain IRESes
such as VEGF-A and C that are characterized in depth and widely accepted to be driven downstream of
hypoxia (Hantelys et al., 2019; Morfoisse et al., 2014, 2015). Our observations suggest that this alternative
translation may be driven by rRNA biogenesis that at least, in part, provides a modified pool of rRNA. Our
observations may look counter intuitive in the light of published reports that show that hypoxic protein syn-
thesis is mostly cap-dependent (Uniacke et al., 2012; Yi et al., 2013; Young et al., 2008). We surmise that the
need for cap-dependent translation is obvious as a result of robust cellular response to hypoxia and there
may possibly be a complex chronology between the choices of translation routes that a cell makes. Taken
together these observations in-fact suggest the need for the diverse pools of (specialized) ribosomes (Dalla
Venezia et al., 2019; Fujii et al., 2018; Genuth and Barna, 2018).
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Recent studies by Prakash V et al. have uncovered a novel connection between changes in ribosome biogenesis
and the execution of the EMT program, that is pivotal during tumor development and metastasis (Godet et al.,
2019; Prakash et al., 2019). They identified Snail as a mediator of ribosome biogenesis that accompanies EMT.
Even though there is an absence of studies detailing effects of hypoxia on ribosome biogenesis, multiple
studies have defined roles for hypoxia in regulating a program of epithelial-mesenchymal-plasticity (Prakash
et al., 2019; Williams et al., 2019). Studies from our lab have previously defined a critical role of NMI in tumor
progression and metastasis via alterations in the EMT program (Devine et al., 2014; Pruitt et al., 2018). Based
on these studies, NMI presents as a critical regulator of epithelial-mesenchymal-plasticity. Our current study
identifies a new functional responsibility for NMI in mediating a translation switch that occurs in hypoxia.
RNA-IP-seq analysis and targeted queries revealed selective binding of NMI with small nucleolar RNAs. NMI
also binds to rRNA methyl transferase, fibrillarin. We speculate that NMI acts to regulate the available pool
of fibrillarin and SNORDs that can interact, which most likely will affect rRNA methylation patterns. Studies
have proposed partial methylation of rRNA, and these sites may be important for highly variable and regulat-
able positions, which could give rise to increased rRNA heterogeneity (Falaleeva et al., 2017; Krogh et al., 2016).
Interactions of SNORDs and fibrillarin with proteins like NMI may offer fine-tune control over partial methylation
patterning. As NMI protein expression is compromised in hypoxia, it likely results in altered availability of fibril-
larin to certain SNORDs. Collectively, our observations of NMI loss in hypoxia coupled with overall repatterning
of rRNA methylation, highlight NMI as a possible regulatory bridge in determining the methylation status of
rRNA. Ultimately, these changes in the rRNA methylation drive differential recruitment of proteins to sites of
IRES-mediated translation. Namely, we found ITAFs, hnRNPE1 and hnRNPL, to be preferentially associated
with VEGF-C IRES during hypoxic stress, and depletion of these proteins shifts the balance to cap-independent
translation in hypoxia (Figure 4D). These observations are consistent with the emerging importance of ITAFs
such as Vasohibin1 in regulation of translation in hypoxia (Hantelys et al., 2019). These results solidify that epi-
transcriptomic modifications of rRNA prompt a compositional change in the ribosome-associated translational
machinery to give rise to ribosomes for specialized tasks, most notably in hypoxia. These results add a new
dimension of “ribosomal diversity” to the field and provide a foundation for further investigation of the special-
ized ribosomes that provide translational adaptability in response to various environmental and physiologic
stresses.

Limitations of the study

This study offers a rationalization that the increased rRNA in hypoxia allows the cells to code it (rRNA) differ-
ently than in normoxia by epitranscriptomic modifications (such as 2'-O-Me). Our study supports a possi-
bility that epitranscriptomic modifications allow formation of a distinct pool of rRNA and implies that it sup-
ports formation of ribosomes that are specialized to perform a task of translation of a specific transcript.
The study uses VEGF-C IRES as a tool.

The limitation of this study is that it uses a specific IRES. Thus, the 2’-O-Me modifications of rRNA may not
be identical for other IRESes that may work in hypoxia or other pathophysiologic conditions.

Itis important to note that these conclusion are only based on an artifactual construct that is highly contro-
versial(Jackson, 2013) with little data to support a role for endogenous translation regulation IRES.

Also, the study is focused on a critical sub-set of methylations on rRNA but does not account for entire pro-
file of 2'-O-Me modifications on the rRNA. Thus, our study does not allow to precisely determine if and
which partial 2’-O-Me rRNA modifications are regulated by NMI. Also, NMI may just be one example of
hypoxia regulated guide proteins that regulate mature 2'-O-Me complex and thus offers a partial explana-
tion of hypoxia-driven changes.

Resource availability
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Rajeev Samant Ph.D (rsamant@Quab.edu).

Materials availability

All unique/stable reagents generated in this study are available from the Lead Contact with a completed
Materials Transfer Agreement.

10 iScience 24, 102010, January 22, 2021

iScience


mailto:rsamant@uab.edu

¢? CellPress

OPEN ACCESS

iScience

Data and code availability

The MS proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository with the dataset identifier PXD019238 and 10.6019/PXD019238.

METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.1016/j.isci.2020.102010.
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Supplementary Figure 1: Related to Figure 1: Hypoxia upregulates RNA Pol | activity

(A) Western blot analysis for HIF-1a from MCF10CA1acl.1 grown under normoxia shows naturally high
baseline protein level of HIF-1a in MCF10ACA.1cl.a. compared to MCF10A. Introduction of stable HIF-1a
(p402/564A) in MCF10A results in elevated protein expression of HIF1a. Silencing HIF1a using siRNA in
MCF10CA1acl.1 remarkably reduces the expression of naturally stable HIF-1a in these cells validating
the siRNA efficacy. (B) RNA Pol | activity is significantly increased upon stable HIF-1a (P402/546A)
expression in MCF10A. Conversely, silencing HIF-1a in MCF10CA1acl.1 cells reduces RNA Pol |
transcription. (C) Photomicrographs of FUrd (green) incorporation in T47D or (D) HMEC cells in hypoxia,
with Fibrillarin (FBL, red) overlay confirms the nucleolar localization of intense FUrd signal. (E)
MCF10CA1acl.1 cells silenced for HIF-1a show significantly decreased FUrd incorporation. Quantitation
presented in the bar graph below the photomicrographs (F) Hypoxia increases RPA 194 occupancy at
rDNA (G) MCF10A cells expressing stable HIF-1a (p402/564A) show increased UBF occupancy at rDNA

loci.
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Supplementary Figure 2:
Related to Figure 2: Ribosomes show an altered rRNA methylation pattern under hypoxia:

(A) VEGF-C IRES reporter activity assessed in MCF10CA1acl.1 48h hours after HIF-1a knockdown by
siRNA. (B) Bi-cistronic luciferase reporter of cap vs VEGF-A IRES driven translation was used to
measure the increase in VEGF-A IRES translation under hypoxia (T47D or HMEC cells) or in
MCF10CA1acl.1 silenced for HIF-1a expression.

Western blot analysis of HIF-1a, VEGF-A, VEGF-C protein expression in (C) T47D and (D) HMEC cells
after incubation in hypoxia. Alpha-tubulin was used as loading control. Values below indicate fold change
of intensity, normalized to loading control.

Western blot analysis of fibrillarin, VEGF-A, and VEGF-C in (E) T47D and (F) HMEC incubated in
hypoxia 48 hours after fibrillarin knockdown. Alpha-tubulin was used as a loading control. Values below

indicate fold change of intensity, normalized to loading control.
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Related to Figure 3: NMI binds to SNORDs and mediates rRNA methylation

(A) Analysis of mMRNA and protein isolated from HMECs incubated in hypoxia shows that expression of
NMI mRNA is decreased in hypoxia. The adjacent western blot shows that protein level of NMl is also
reduced in hypoxia.

(B) Table listing Gene IDs of RNA species bound to NMI

(C) Schematic showing 18S and 28S rRNA marked with 2'-O-Me sites (numbers in black font) with

SNORDs that are specific to the respective site.
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Supplementary Figure 4:
Related to Figure 4: A distinct set of proteins is recruited to VEGF-C IRES under hypoxia

(A) Distinct proteins identified by mass spectrometry analysis of proteins bound to biotinylated VEGF-C
IRES. There was a noticeable overlap (indicated by yellow intersection) in respective normoxic and
hypoxia models studied. i.e. MCF10A and MCF10CA1acl.1 (402 common proteins) and of T47D (with or
without hypoxia: 292 common proteins)

(B) KEGG analysis shows that many of the proteins bound to the biotinylated VEGF-C IRES were indeed
ribosomal proteins.

(C) & (D) Gene ontology analysis for cellular components, as well as biological processes confirms that
proteins bound to the biotinylated VEGF-C IRES were indeed components of ribosomes and involved in

ribosomal subunit organization.



Transparent Methods

Cell Culture and Stable Cell Line Generation

T47D cells were grown in RPMI-1640 media (ThermoFisher, Waltham, MA) supplemented with 10%FBS
(ThermoFisher) and 10ug/ml insulin (Millipore Sigma, St. Louis, MO). MCF10A and MCF10CA1acl.1
were grown in DMEM/F-12 supplemented with 5% Horse Serum (ThermoFisher), 10pug/ml insulin
(Millipore Sigma), 25ng/ml hEGF (Millipore Sigma), 250 ng/ml hydrocortisone (Millipore Sigma), and
100ng/ml cholera toxin (Millipore Sigma). SKBr3 were grown in McCoy’s 5A (Thermo Fisher)
supplemented with 10% FBS. MDA-MB-231 cells were grown in DMEM/12 supplemented with 5% FBS.
HMECs were grown in serum free DMEM/F-12 media supplemented with 10ng/ml hEGF, 500ng/ml
hydrocortisone and 10ug/ml insulin. T47D cells stably silenced for NMI and MDA-MB 231 stably
expressing NMI were previously described (Pruitt et al., 2018). Selection of stable clones was performed

by puromycin (200ng/mL) and lines were maintained on puromycin selection (200ng/mL).

Hypoxia

Cells were plated one day prior to hypoxia treatment and incubated overnight at 37°C. The following day,
media was changed, and cells were place in humidified hypoxia chamber (Billups Rothenberg, Del Mar,
CA) with 1% O3, 5% CO- at 37°C for 72 hours.

Transfection

MCF10A cells were transfected with either pcDNA3 or HA-HIF-1a P402A/P564A-pcDNAS3 using
Lipofectamine 2000 (ThermoFisher) as per manufacturer’s protocol. Cells were collected 48hrs post-
transfection and processed for RNA isolation or fixed for ChlP assay. HA-HIF-1a P402A/P564A-pcDNA3
was a gift from William Kaelin (Addgene plasmid # 18955; http://n2t.net/addgene:18955; RRID: Addgene
18955).

MCF10CA1acl.1 cells were transfected with 100nM ON-TARGETplus SMART pool siRNA (Horizon
Discovery) targeting HIF 1a using Lipofectamine as per manufacturer’s protocol.

T47D and HMECs were transfected with 100nM ON-TARGETplus SMART pool siRNA (Horizon
Discovery) targeting Fibrillarin using Lipofectamine as per manufacturer’s protocol. 48 hours post

transfection cells were plated for subsequent downstream assays.

Luciferase Assay

VEGF-C and VEGF-A bicistronic reporter vectors with respective human VEGF-C and VEGF-A IRES
inserts was a kind gift from Dr. Garmy-Susini (Morfoisse et al., 2014), wherein the 5’UTR of human
VEGF-C was cloned into bicistronic lentivector expressing renilla luciferase under the control of

cytomegalovirus promoter and firefly luciferase under the control of the VEGF-C 5’UTR IRES. Cells



(10,000 per well) were transfected using Lipofectamine 2000 as per manufacturer’s protocol.
Additionally, co transfection was done with siRNA to either hnRNPL or hnRNPE1 using 100nM SMART
pools (Horizon Discovery, Lafayette, CO) or pIRES puro HA- tagged NMI. MCF10A and MCF10CA1acl.1
cells were lysed 24 hours post transfection. T47D cells were placed in hypoxia 16 hours post transfection
and lysed 24 hours later. T47D and HMEC cells silenced for fibrillarin, as previously described, were
reverse transfected using Lipofectamine 2000. Briefly, 10,000 cells were seeded into transfection
complexes on 96 well plates. Cells were placed in a hypoxia chamber 24 hours post transfection and
lysed 48 hours later. Luciferase activity was determined using Dual-Luciferase Reporter (DLR) Assay
Systems (Promega, Madison, WI). The ratio of FLuc/Rluc was normalized to total protein to determine

the ratio of cap-dependent versus IRES translation.

Co-Immunoprecipitation

Cells were lysed using ice-cold RIPA lysis buffer with protease and phosphatase inhibitors. 1mg total
protein from HA-tagged NMI expressing MDA-MB-231 cells was immuno-precipitated using HA labeled
magnetic beads (ThermoFisher). Lysates were incubated in magnetic beads overnight at 4°C, then
beads were separated on a magnet and supernatant was discarded. Beads were washed one time in
RIPA buffer and three subsequent times in 1X PBS. After the final wash, bound proteins were eluted in

2X Laemmli buffer and subjected to western blotting.

Western Blotting

Cells were lysed using ice-cold RIPA lysis buffer with protease and phosphatase inhibitors. 30ug total
protein was resolved using SDS-PAGE and transferred to PVDF membrane. Membranes were blocked
in 5% non-fat dry milk in Tris-buffered saline with 0.1% Tween-20 (TBST) and primary antibodies were
added overnight at 4°C. Membranes were washed 4 times in TBST and incubated with specific HRP-
conjugated secondary antibodies. The following antibodies were used: Anti-Alpha Tubulin HRP (Cell
Signaling), Anti-HIF-1a (BD Bioscience, San Jose, CA), Anti-PABP1 (Cell Signaling), Anti-#3-
Actin—Peroxidase (Millipore Sigma), Anti-hnRNPL (Cell Signaling), Anti-hnRNPE1 (Cell Signaling), Anti-
Fibrillarin (Abcam, Cambridge, UK) . Anti-NMI (Sigma-Aldrich), Anti-VEGF-A (Santa Cruz), Anti-VEGF-C
(Santa Cruz). Western blots were developed using ECL Prime (GE Healthcare, Pittsburgh, PA) and
exposed using GE Amersham 600 Imager (GE Healthcare, Pittsburgh, PA).

Chromatin Immunoprecipitation (ChIP)

Cells were plated on 10cm dishes at 2.5x10° cells per plate. The subsequent day, cells were processed
using the Simple Chip Plus Enzymatic kit (Cell Signaling) as per manufacturer’s protocol. Additionally, for
some experiments, cells were incubated in hypoxia for 72 hr. Briefly, cells were fixed with 1%

formaldehyde at room temperature and cell pellets were processed for nuclei isolation and chromatin



digestion with Micrococcal Nuclease and sonication. 5 ug of cross-linked chromatin was
immunoprecipated with either 2ug of anti-UBF (Santa Cruz), anti-RPA194 (Santa Cruz), Anti- Histone H3
(tri methyl K4) (Abcam, Cambridge, UK), Anti-Histone H3 (acetyl K9) (Abcam), Anti-Histone H3 (acetyl
K27) (Abcam). Chromatin was then eluted from the IP, and cross-links were reversed. Purified DNA from
ChIP and input was subjected to RT-gPCR using 2X Maxima SYBR Green Master Mix (ThermoFisher)
along with primer pairs to amplify various regions of the rDNA repeat. Primer pairs used were as follows:
Upstream -988 For- GCTTCTCGACTCACGGTTTC Rev- GGAGCTCTGCCTAGCTCACA, Promoter -48
For- GAGGTATATCTTTCGCTCCGAGTC Rev- CAGCAATAACCCGGCGG, 5’ETS 851 For-
GAACGGTGGTGTGTCGTT Rev- GCGTCTCGTCTCGTCTCACT, 18S 4013 For-
AAACGGCTACCACATCCAAG Rev- CCTCCAATGGATCCTCGTTA, 28S 12293 For-
TGGGTTTTAAGCAGGAGGTG Rev- AACCTGTCTCACGACGGTCT, IGS 18449 For-
TGGTGGGATTGGTCTCTCTC Rev- CAGCCTGCGTACTGTGAAAA. Additionally, sites within the IGS
were also amplified using the following primer pairs: IGS1 For- CACTACCCACGTCCCTTCAC Rev-
GAGAGAAGACGGAGGCACAC, IGS2 For- GTGTGCCTCCGTCTTCTCTC Rev-
GTCAAGGGGCTATGCCATC, IGS3 For- ATTCTTGCCAGGCTGACATT Rev- AAGCCTCACAACTGC
AGACC.

Threshold cycle (C[T]) values of input DNA were used to calculate percent input of immunoprecipitation

C[T] 2% Input Sample-C[T] IP Sample) and percent

utilizing the following calculation: Percent Input = 2% x 2
enrichment as compared to corresponding controls is depicted. Each reaction was done in triplicate

using an Applied Biosystems Step One Plus (ThermoFisher).

Real-Time PCR

Real-time PCR was used to determine the rate of RNA Pol | transcription by determining short-lived 5°
external transcribed spacer (5'ETS) rRNA of the 47S pre-RNA by gPCR. RNA was harvested from cells
using the RNeasy Mini Kit (Qiagen, Germantown, MA). cDNA was generated using 1ug total RNA and
High Capacity cDNA kit (ThermoFisher,). PCR reactions were performed with 1:50 diluted cDNA, 2X
Maxima SYBR Green Master Mix (Thermo Fisher, Waltham, MA) along with the following primer sets:
Human 5’ETS 851-961 For- GAACGGTGGTGTGTCGTT Rev- GCGTCTCGTCTCGTCTCACT, 5ETS
1297-1483 For- CAGGTGTTTCCTCGTACCG Rev- GCTACCATAACGGAGGCAGA, Actin For-
CATGTACGTTGCTATCCAGGC Rev-CTCCTTAATGTCACGCACGAT. Reactions were run using
Applied Biosystems Step One Plus Real-time PCR machine. Analysis was done using AACT to
determine relative fold changes in 5’ETS transcripts.

Real-time PCR was also used to determine the expression of NMI, LDHA, PDK1 during hypoxia. Briefly,
cDNA was generated as above. PCR reactions were performed using 2ul cDNA along with TagMan Fast
Advance Master Mix (ThermoFisher) and TagMan primer probe sets for Actin, NMI, LDHA, PDK1.



Reactions were run using Applied Biosystems Step One Plus Real-time PCR machine. Analysis was

done using “*CT to determine relative fold changes in expression.

rRNA Synthesis Assay

rRNA synthesis was measured as a readout of FUrd incorporation into nascent rRNA transcripts, as
previously described (Peltonen et al., 2014; Percipalle and Louvet, 2012). Briefly, cells were seeded onto
glass coverslips and allowed to attach overnight. The following day fresh media was added, and cells
were placed in hypoxia for 48 hours. Following prolonged exposure to hypoxia, cells were pulsed with
2mM FUrd (Sigma) for 10-20 minutes. Following the pulse, cells were immediately fixed with 3.7%
formaldehyde for 10 minutes at room temperature. Coverslips were subsequently washed and
permeabilized with 0.3% Triton X-100 for 15 minutes, and blocked in 5% BSA. Coverslips were
incubated with anti-Brdu (Sigma) and anti-Fibrillarin (Abcam) overnight at 4°C. Coverslips were
incubated with appropriate Alexa Fluor 488 or Alexa Fluor 594 secondary antibodies (Thermo Fisher)
and mounted using Vectashield Plus with DAPI (Vector Labs).

Images were taken with a Nikon Eclipse Ti-U using the same exposure times for all images acquired
(Nikon Instruments Inc., Melville, NY). Mean Fluorescence Intensity was determined using NIS Elements
Advanced Research software analyzing 120 cells across 10 random fields. Representative images are

depicted.

Nucleolar Staining

Cells (1x10°) were plated on FluoroDishes (Word Precision Instruments, Sarasota, FL) and incubated
overnight (or post-treatment) as indicated. Nucleoli were stained using TOTAL-NUCLEAR-ID® green/red
nucleolar/nuclear detection kit (Enzo Life Sciences, Farmingdale, NY) as per manufacturer’s protocol.
Images were captured with Nikon Eclipse Ti-U using the same exposure times for all images acquired
(Nikon Instruments Inc., Melville, NY). Nucleoli were counted for each nuclei per field and quantified as

total number of nucleoli per nuclei.

rRNA Methylation Real-Time PCR

rRNA methylation levels were quantified at 14 different sites, selected in 18S and 28S ribosomal RNA, by
RT-gPCR. Reverse transcription (RT) of rRNA using specific reverse primers was performed. RT
elongation is blocked by ribose methylation when performed in presence of low dNTP concentration,
while not blocked in the presence of high dNTP concentration. The resultant long cDNA from both RT
reactions was quantified by qPCR as previously described (Belin et al., 2009). Reverse transcription was
performed using High Capacity cDNA kit (ThermoFisher) with 500 ng of total RNA and 1 uM of each
reverse primer targeting a sequence upstream to a specific methylation site and 10 uM (low) or 1 mM

(high) dNTPs. Quantitative amplification of the targeted cDNAs generated was assessed by PCR using



Maxima SYBR Green Master Mix (ThermoFisher) along with primers spanning the rRNA methylation
target site. The extent of methylation (site-specific methylation ratio) was calculated following the function
2(C[T]low-C[T]high) where the C[T] value obtained with the RT reaction at low dNTP concentration was
normalized to the one obtained at high dNTP concentration and fold change was calculated across
treatment groups (Belin et al., 2009). The following primers were used to amplify regions of methylation
across the 14 sites of the rRNA:

33Me For- CAGATTGATAGCTCTTTCTCG Rev- CCAGACAAATCGCTCCACC,

4AMe For- CCGGTACAGTGAAAC TGCG Rev- CCACAGTTATCCAAGTAGGAG,

37Me For- ACCTGGTTGATCCTGCCAGT Rev- GGCCGTGCGTACTTAGACAT,

1489Me For- CACCCGAGATTGAGCAATAA Rev- CGCTGAGCCAGTCAGTGTAG,

1713Me For- GTCCCTGCCCTTGTACACAC Rev- CACTAAACCATCCAATCGGTA,

1803Me For- GCGGAGCGCTGAGAAGAC Rev- GATCCTTCCGCAGGTTCAC,

35AMe For- GAAGCAGAATTCACCAAGCG Rev- GTTCCTCTCGTACTGAGCAG,

46Me For- GACGCGATGTGATTTCTGC Rev- CACTAATTAGATGACGAGGC,

390Me For- CCGTAAGGGAAAGTTGAAAAG Rev- CCCCACCCGTTTACCTCTTA,

1612Me For- CGGTCCTGACGTGCAAAT Rev- TCGGAGGGAACCAGCTACTA,

1858Me For- GTGGGCCACTTGGTAAGC Rev- TTTCTGGGGTCTGATGAGC,

2848Me For- AGGTAAGGGAAGTCGGCAAG Rev- CAGCCCTTAGAGCCAATCCT,

4198Me For- GCGGTACACCTGTCAAACG Rev- CACGGGAGGTTTCTGTCCT,

4436Me For- CGCTTTTTGACCTTCGATGT Rev- GCGAATTCTGCTTCCAATGA.

IRES-mediated Pulldown of Ribosomes

Analysis of ribosome protein and RNA components specific to sites of IRES-mediated translation was
performed using bait RNA from the putative IRES RNA sequence in the 5 UTR of VEGF-C. This
sequence has previously been reported as a bona fide IRES sequence (Morfoisse et al., 2014). The
VEGF-C IRES sequence was divided into three motifs. Motif 2 was used a bait sequence to pulldown
ribosomes that were specifically bound at those sites. The RNA sequence was synthesized with a 3’
biotin label. To pulldown any ribosomes bound at the VEGF-C IRES site, cell lysates were prepared
under RNase-free conditions. Briefly, 2.5x10° cells were washed twice in DEPC-treated 1X PBS on ice,
then lysed in 1ml lysis buffer [1% NP-40, 150 mM NaCl, 50 mM Tris, HALT protease inhibitor cocktail
(ThermoFisher), SUPERase-In RNase Inhibitor (ThermoFisher)] and incubated on ice for 20 minutes.
After incubation, cells were scraped, passed through a 21-gauge needle, and incubated an additional 1
hour on ice. Cell lysates were spun at 13,000 RPM 10 minutes at 4°C. Pulldown of bound ribosomes to
IRES sequences was done as follows: 1mg of M-280 Streptavidin-coated Dyna beads (Thermo Fisher)

were washed 5 minutes at room temperature in 1 ml of binding and washing buffer (10mM Tris-HCI



pH7.5, 1mM EDTA, 2M NaCl) two times. Beads were then washed twice in DEPC treated 0.1M NaOH,
0.05M NaCl solution 2 minutes each, followed by one wash in DEPC-treated 0.1M NaCl. After the final
wash, beads were then coupled to 5ug biotin labeled RNA oligo per 1mg of beads in 400pl of binding
and washing buffer and incubated at room temperature for 15 minutes. Beads were subsequently
washed three times in binding and washing buffer and 1mg of lysate was added to beads with coupled
oligo overnight at 4°C. Following incubation with lysate, beads were washed 5X in binding and washing
buffer. Protein was eluted from beads by resuspending in 2X Laemmli buffer, or RNA was isolated from

beads by incubation in RNA lysis solution using Quagen RNeasy Mini Kit.

Detailed analysis of proteins bound to beads was performed via LCMS by prepping beads as follows:
Samples were eluted in 1x final LDS sample buffer at 96° C for 10min. The eluate was collected on a
magnetic stand, reduced, and denatured further at 70°C for 10min. The sample was resolved using 10%
Bis-tris gel and stained overnight with Colloidal Coomassie. Each sample lane was digested with trypsin
overnight in 6 fractions prior to LCMS analysis. Data was analyzed using Scaffold 4 with the following
parameters: for more stringent analysis, protein threshold was set to 99%, minimum peptides 2, and
peptide threshold 80%. To reveal more hits, less stringent analysis was done with 80% protein threshold
and peptide minimum set to 1. Runs from MCF10A- MCF10CA1acl.1 and T47D Normoxia-Hypoxia were
grouped from duplicate runs and analyzed to reveal common proteins present which change in Normoxia
(MCF10A, T47D Normoxia) vs Hypoxia (MCF10CA1acl.1, T47D Hypoxia). Volcano plots were generated

using GraphPad Prism 8 software.

RNA Immunoprecipiation-Seq

To determine RNA species bound to NMI, RIP-seq was performed. RNA |IP was performed using the EZ
Magna-RIP kit (Millipore) followed by RNA-seq. Briefly, MDA-MB-231 HA tagged NMI expressing cells
were lysed according to manufacturer’s protocol and subjected to RNA-IP using HA-magnetic beads,
(ThermoFisher) 50ul per RIP. Isolated RNA was resuspend in 20ul DEPC-treated water. RNA samples
from RIP were either subjected to RNA-seq or RT-q PCR.

RT-gPCR was used to validate the RNA-seq of selected SNORD targets as previously described.
SNORD primers were as follows: SNORD33 For-GAACTTCTCCCACTCACATTCG Rev-
GTGGCCTCAGATGGTAGTGC SNORD35A For-TCCTTATCTCACGATGGTCTGC Rev-
CTGGCATCAGCTAAGCCATTG SNORDA4A For-TGCAGATGATGACACTGTAAAGC Rev-
GGTGCATCAGACAACGAGGTA SNORD46 For-AGAATCCTTAGGCGTGGTTGT Rev-
ATGACAAGTCCTTGCATTGGC SNORD26 For-ACGGGGATGATTTTACGAACTGA Rev-
ACTCAGAATTTTCTGTTTTCTCCAC SNORDB80 For-CAATGATGATAACATAGTTCAGCAG Rev-
CATCAGATAGGAGCGAAAGACT SNORDS50A For-TGTGATGATCTTATCCCGAACCT Rev-
ATCTCAGAAGCCAGATCCGT SNORD20 For-TGGATATGATGACTGATTACCTGAG Rev-




GGATCAGAACTTGACTATCTAGAGG SNORD27 For-ACTCCATGATGAACACAAAATGACA Rev-
CTTCTCAGTAGTAAGATGACATCAC

Immunohistochemistry

Pimonedazole and AQNOR staining : Hypoxyprobe Omni Kit (100 mg pimonidazole HCI plus 1-unit of

2627 rabbit antisera; Hypoxyprobe, Burlington, Massachusetts) was used to determine hypoxic regions
in MMTV-Neu tumor bearing mice. Briefly, tumor-bearing mice were injected with 50l pimonidazole IP
and euthanized one hour later. Tumors were resected and fixed in 10% neutral buffered formalin.
Pimonidazole is reductively activated in hypoxic cells and forms covalent adducts with thiol (sulphydryl)
groups in proteins, peptides, and amino acids which is then bound by the antibody during
immunhistochemical staining. AQNOR staining was performed on serial sections for the ease of overlay
using 1 part 2% gelatin, 1% formic acid solution and 2 parts 50% silver nitrate (in H2O) at RT. The
images were digitally overlapped, and AgQNOR stained nucleoli in pimonidazole-stained vs unstained
areas were counted in a total of 24 fields (12 in hypoxic regions and 12 in normoxic regions) across two

samples.

Staining for Nmi: Immunohistochemical detection of Nmi expression from tumors from MMTV-Neu mice

was performed using the Dako Envision Dual Link System-HRP system with the labeled polymer-HRP
anti-rabbit (Dako). Sections (5 um) were immunostained with the Nmi antibody (PA7977 generated by us
(Pruitt et al., 2018)) at a dilution of 1:200 overnight at 4 °C after antigen retrieval. Images were captured

using a Nikon Eclipse Ti inverted microscope (Nikon, Tokyo, Japan).
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