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Abstract

When mammalian cells are nutrient and/or growth factor deprived, exposed to inhibitors of protein
synthesis, stressed by heat shock or grown to confluence, rDNA transcription is essentially shut
off. Various mechanisms are available to accomplish this downshift in ribosome biogenesis.
Muramatsu’s laboratory (1) first demonstrated that mammalian PAF53 was essential for specific
rDNA transcription and that PAF53 levels were regulated in response to growth factors

While S. cerevisae A49, the homologue of vertebrate PAF53, is not essential for viability (2),
deletion of yA49 results in colonies that grow at 6% of the wild type rate at 25C. Experiments
described by Wang et al. (3) identified PAF53 as a gene “essential for optimal proliferation”.
However, they did not discriminate genes essential for viability. Hence, in order to resolve this
question, we designed a series of experiments to determine if PAF53 was essential for cell
survival. We set out to delete the gene product from mammalian cells using CRISPR/CAS9
technology.

Human 293 cells were transfected with lentiCRISPR v2 carrying genes for various SgRNA that
targeted PAF53. In some experiments, the cells were cotransfected in parallel with plasmids
encoding FLAG-tagged mouse PAF53. After treating the transfected cells with puromycin (to
select for the lentiCRISPR backbone), cells were cloned and analyzed by western blots for PAF53
expression. Genomic DNA was amplified across the “CRISPRd” exon, cloned and sequenced to
identify mutated PAF53 genes.

We obtained cell lines in which the endogenous PAF53 gene was “knocked out” only when we
rescued with FLAG-PAF53. DNA sequencing demonstrated that in the absence of ectopic PAF53
expression, cells demonstrated unique means of surviving; including recombination or the
utilization of alternative reading frames.

We never observed a clone in which one PAF53 gene is expressed, unless there was also ectopic
expression In the absence of ectopic gene expression, the gene products of both endogenous genes
were expressed, irrespective of whether they were partially mutant proteins or not.
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Introduction

When mammalian cells are nutrient and/or growth factor deprived, exposed to inhibitors of
protein synthesis or grown to confluence, rDNA transcription can be repressed by as much
as 80-90%. Various mechanisms can be applied to accomplish this downshift in ribosome
biogenesis. In some instances, RNA polymerase | (Pol I) is modified such that it is incapable
of specific initiation (4-13). One of the gene products responsible for this is Rm3(7), a
protein whose association with Pol | is reversible (only ~10% of the Pol | molecules in the
cell contain Rrn3). Rrn3 plays a key role in initiation by serving as a bridge between RNA
polymerase | and core factor in yeast or SL-1 in mammals (13-16) and by binding to the
DNA in both mammals and yeast (17). Phosphorylation modulates the assembly of Rrn3
with Pol I (16, 18) and may determine that Rrn3 functions stoichiometrically (19).

Serum deprivation also causes the dissociation of the PAF53 (PolR1E) and PAF49
(CD3EAP) heterodimer from the polymerase (1, 20-22). PAF53 and PAF49 are the
mammalian homologues of yeast rpa49 (yA49) and yeast rpa34.5 (yA34), respectively. The
yeast yA34/yA49 heterodimer may play more than one role in yeast rDNA transcription
(described below). Muramatsu’s laboratory (1) first demonstrated that mammalian PAF53
was essential for specific rDNA transcription and that PAF53 levels were regulated. In
contrast, Seither et al. reported “constitutive association of PAF53 with Pol 1.” (23) We have
reproduced and extended Muramatsu’s lab’s observations (21, 22). Interestingly, the yeast
heterodimer is easily dissociated from the rest of Pol I, producing a polymerase with
impaired transcriptional activity as compared to the complete polymerase (24). In mammals,
the heterodimer appears to mediate the interaction between Pol | and UBF (25).

While S. cerevisae A49, the homologue of PAF53, is not essential for viability (2), deletion
of yA49 results in colonies that grow at 6% of the wild type rate at 25C (2). Similarly, when
the S. pombe homologue was deleted (26), specific rDNA transcription was reduced 70%
(no effect on nonspecific polymerase activity), cells failed to grow at 25C and grew at half
the wild-type rate at 30C. Deletion of yA34 results in a polymerase that loses the yA49
subunit upon purification (27). A CRISPR screening of the mammalian genome identified
PAF53 and PAF49 as being “essential” genes (3). However, it is not known if the deletion of
the genes results in reduced viability or merely impaired cell division rates as seen in yeast.

The role(s) of these two proteins in rDNA transcription are still not resolved. While rDNA
transcription by Pol I and the ensuing ribosome biogenesis is essential for cell homeostasis
and/or growth, it is still not clear if PAF53 and PAF49 are essential for cell division.
Recently, (3, 28) the CRISPR/Cas system was used to carry out genome wide queries to
identify essential genes in the human genome. Several of the genes identified as being
essential were components of the ribosomal DNA (rDNA) transcription apparatus. This
included the genes encoding Rrn3, PAF49 and PAF53. In fact, the experiments described by
Wang et al. (3) identified genes “essential for optimal proliferation”, not necessarily genes
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essential for viability. Hence, in order to resolve this question, we designed a series of
experiments to determine if PAF53 was essential for cell survival.

In one experiment we designed a guide RNA to target exon 2 in the human PAF53 gene.
Using that gRNA, we attempted to knock-out the gene and cloned any cells that survived the
“knock-out”. When we carried out western analysis to determine the expression of PAF53 in
those cells, we found that all of the clones expressed a protein that was immunoreactive. In
addition, we amplified the “mutated” exon 2 and sequenced the PCR products to determine
the nature of putative insertions or deletions within the exon. These results confirmed the
western analyses, the cells used alternative reading frames within exon 2 resulting in the
expression of a full length PAF53. In a parallel experiment, we carried out the same
CRISPR/Cas treatment, but also transfected the cells with a vector that would ectopically
express mouse FLAG-PAF53 to see if we could “rescue” the cells with an ectopic form of
the PAF whose cDNA was resistant to the gRNA directed to the human coding sequence. We
failed to obtain cloned cell lines that did not express PAF53, whether human or mouse.
Moreover, the only cell lines that did not express the human form of PAF53 expressed the
mouse protein. Thus, our results are consistent with the model that PAF53 is essential for
cell survival.

Materials and Methods

gRNA design

We used CHOPCHOP (http://chopchop.cbu.uib.no/) as described (29) to design gRNA.
Bsmb1 linkers were added to gRNA targeting exon 2,
ACAAAGATTCCACCAACCCCAGG and GAACAAAGATTCCACCAACCCCAGG (the
PAM is underlined), and the oligos were then annealed following a standard protocol and
ligated into the vector (30, 31), plentiCRISPR v2 (Addgene, (32)) and confirmed by
sequencing. The use of plentiCRISPR v2, which is constructed around a 3rd generation
lentiviral backbone, allows for the simultaneous infection/transfection of the vector for the
expression of Cas9 and gRNA and for selection for puromycin resistance.

Expression of ectopic PAF53

The mouse PAF53 clone used in these experiments was described previously (22). In this
clone, PCR was used to insert a FLAG-tag onto the N-terminus of mouse PAF53 cloned in
pCDNAS3 downstream of the CMV promoter.

Transfection and Western blotting

Transfection of 60% confluent 293 cells was carried out as described (22, 33) using PEI
(34). In the rescue experiment, the cells were first transfected with a vector driving mouse
PAF53 (FLAG-tagged or FLAG-tagged and AID tagged). Twenty-four hours later, they were
transfected with a vector coding for puromycin acetyl-transferase, Cas9 and the sgRNA
(pLentiCRISPR v2). Twenty-four hours following transfection, puromycin was added to the
culture to select for transfected cells. Forty-eight hours later, the puromycin was removed
and the cells allowed to grow for four days. At that time, the surviving cells were subjected
to cloning by limiting dilution and the clones were expanded to 60 mm dishes. Cell lysis and
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western blotting was carried out as described (35) using antibodies to either FLAG or PAF53
((36)).

Mutation Analysis

Materials

Results

Primers were designed that spanned exon 2 of the human PAF53 gene. Genomic DNA was
isolated using the Guide-it Mutation Detection kit (Clontech) and 5 pl of diluted lysate was
used in a PCR reaction. The PCR products from each PCR reaction were cloned in TOPO-
TA Cloning pCR4-TOPO (Invitrogen) and miniprep DNA was sequenced. Multiple clones
of the PCR products from each mammalian cell clone were sequenced.

HEK?293 cells were cultured in DMEM-10% FBS and routinely passed every third day.
Cells, at 60% confluence were transfected as described above. Twenty-four hours later,
puromycin was added and the cultures maintained in the presence of puromycin.
Subsequently, the culture medium was replaced with medium without puromycin and the
cells cultured for 6 days to allow for selection. In these experiments we did not apply any
other selection pressure.

Rescue Experiments

The first series of experiments was designed to yield clones of 293 cells that expressed
mouse FLAG-PAF53 and not the endogenous human PAF53. We termed these “rescue”
experiments. The possible results included four classes of clones: 1) Clones that would
express “wild-type” human PAF53, and ectopic mouse PAF53; 2) Clones that would express
ectopic mouse PAF53; 3) Clones that would express “wild-type” human PAF53; and 4)
clones that expressed neither. Figure 1, panel A provides western blots demonstrating that
we isolated the first three classes of clones. Western blots demonstrated that Clone 4 is a
“class 1 clone” and expresses both ectopic and endogenous PAF53 genes, clone 8, a “class 2
clone”, expressed only the mouse gene and clone 14, a “class 3 clone”, expresses the human
gene product. We screened more than thirty clones, and did not find any clones that did not
express PAF53.

In order to determine the nature of the mutations, we amplified exon 2 from isolated
genomic DNA, cloned the PCR products and sequenced the cloned DNA. Sequencing of
exon 2 from Clone 4, Figure 1, panel B., demonstrated that one endogenous allele had an in-
frame deletion of six base pairs, causing the deletion of two amino acids. On the other hand,
the second endogenous allele was not expressed due to recombination with a fragment from
an intron (stop codon) from the microcephalin gene of chromosome 8. Thus, clone 4
expressed PAF53 from one endogenous allele as well as the ectopic protein. Analysis of the
sequences of exon 2 in Clone 8, Figure 1, panel C., demonstrated that both of the
endogenous alleles were mutated. There is a single base pair insertion in one of the genes
that results in a stop codon. The second gene contains a two base pair deletion that alters the
reading frame and results in a stop codon after splicing. Hence, there is no expression of the
endogenous PAF53. Interestingly, sequencing of the cloned exon sequences in Clone 14,
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Figure 1, panel D., demonstrated a deletion of 12 nucleotides that results in the synthesis of
a protein that lacks four amino acids, but is otherwise intact.

These experiments demonstrated the feasibility of replacing the endogenous human
transcription factor with a mouse protein. However, they also suggested that the protein was
required for cell survival, we did not identify any clones that did not express either human or
mouse PAF53. To examine this question in more detail, the experiment was repeated with
the exception that the cells were not cotransfected with the vector expressing mouse PAF53.
Following transfection and puromycin selection, the surviving cells were cloned by limiting
dilution. Once colonies were in 30 mm dishes, whole cell extracts were prepared and
analyzed by western blotting and DNA was isolated from the colony, exon 2 of PAF53 was
amplified, cloned and sequenced.

As shown in Figure 2A, all of the colonies obtained expressed proteins that cross-reacted
with anti-PAF53 antibody. However, some of the colonies expressed proteins that clearly
migrated differently on SDS-PAGE. In order to determine the nature of the putative mutant
proteins, we sequenced exon 2 in each of the colonies.

As shown in Figure 2, we found that colonies that expressed PAF53 from two alleles were
the only colonies that survived the selection process. The cells that survived were those that
either did not demonstrate evidence of Cas9 activity or that had recombination such that the
exons contained an open reading frame. In most instances the alternative open reading frame
was the result of the deletion of one or two amino acids and was encoded by the exon itself.
In some instances, clone PAF53A (Fig. 2B) for example, we found the insertion of as many
as 19 amino acids from another source of DNA. Thus, the wild type sequence,
STNPRKRNQRIL, was interrupted with 19 amino acids, resulting in
STNQPGTAQLGHARADLGEQRPPRKRNQRIL. Interestingly, this was found in both
alleles in this clone. We found no modification of exon 2 in the chromosomes from Clone B,
1.e. no evidence for Cas9 activity. On the other hand, in other clones, such as PAF53C (Fig.
2D), the sequence of one of the PAF53 genes demonstrated a deletion of 3 nucleotides, one
amino acid, while the second gene had an insertion of 54 nucleotides that coded for 18
amino acids, LGNVRQKIPSTDLESDLQ, in frame with the coding sequence of PAF53.
Hence, the two bands for PAF53 in the western blot. Clone D (Fig. 2E) had two different
mutations in the two PAF53 genes. In one allele, we found a deletion of one amino acid that
once again resulted in an alternative reading frame mutation or eight amino acids,
GRGINGSW at the for the exon. The mutation in the second gene was slightly more
complex. We found a single nucleotide substitution mutation, that did not change a codon,
and an in-frame nine nucleotide deletion that deleted the amino acids STN from the
sequence N-NKDSTNPRKRNQRIL-C. Clone E (Fig. 2F) also had two classes of mutations
in the PAF53 genes. One class was similar to that found in clone D, a deletion of nine
nucleotides that resulted in the deletion of the amino acids STN from the sequence N-
NKDSTNPRKRNQRIL-C. The second was a single nucleotide insertion that resulted in an
alternative reading frame N-NKDSTNPGRINGSW-C in place of N-
NKDSTNPRKRNQRIL-C.

Gene. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothblum et al. Page 6

Discussion

We have described attempts to utilize CRISPR/Cas9 to delete a factor, PAF53, that is part of
the Pol | transcription apparatus. While first attempts to eliminate expression of the protein
failed, they provide the basis for interesting speculation. While scoring of our pools for in/
dels indicated a high efficiency of mutagenesis, none of the isolated clones demonstrated
that we had eliminated expression of PAF53. We have characterized over 50 puromycin-
resistant clones, and have not isolated any that did not express PAF53. This suggested that
the protein was essential for cell survival. This was examined in two sets of experiments
wherein we used the same gRNA that targeted exon 2 of the gene and provided an
alternative form of mouse PAF53, All of the clones obtained expressed PAF53, endogenous
or ectopic, depending upon the experiment. In an unpublished experiment, we targeted two
different exons and supplemented with a vector that would express an ectopic form of
PAF53 that was resistant to the gRNAs used. In this experiment, we were able to eliminate
expression of the endogenous gene, but all of the clones obtained expressed the ectopic
protein (data not shown). Thus, while CRISPR has greatly facilitated our ability to modify
gene expression, it would seem additional technology will be required to eliminate, at least
in a short time frame, the expression of essential gene products. We are presently examining
the use of CRISPR to introduce a auxin-inducible degron into the PAF53 gene (37-41). That
should allow us to reversibly eliminate expression of the protein.

While we have failed to isolate clones that did not express PAF53. It is theoretically possible
that this was due to our experimental design. The experimental process requires that the cells
proliferate at a “reasonable” rate, both during the initial selection with puromycin and once
subject to cloning by limiting dilution. Thus, cells that would replicate at a significantly
reduced rate, might be overgrown in the first phase of the experiment, resulting in their
underrepresentation in that population. Moreover, their “lack” of proliferation would
preclude their isolation in the second phase of the experiment. Thus, it is not clear if the use
of CRISPR/Cas9 alone will allow us to determine if PAF53 is essential for cell viability. Our
future goal is to generate a homogenous cell population in which we can program the
degradation of PAF53 through the use of a degron. Then we should be able to determine if
the lack of PAF53 “prevents” or “inhibits” proliferation. Further, it is possible that the
successful deletion of PAF53 will result in cell death due to the inhibition of rDNA
transcription (42-49).

Acknowledgments

This work was supported by GM069841 and HL077814 from NIH and HR15-166 from OCAST awarded to L.I.
Rothblum and funds from the University of Oklahoma. Eugenie Chang was supported in part by OK-INBRE grant
award GM103447 from the NIH/NIGMS.

Abbreviations
rDNA ribosomal DNA

sgRNA small guide RNA

CRISPR  Clustered regularly interspaced short palindromic repeats

Gene. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothblum et al.

References
1.

10

11.

12

13.

14.

15.

Page 7

Cas9 CRISPR-associated protein-9 nuclease
Pol I RNA polymerase |

PAF53 Polymerase Associated Factor 53Kda

Hanada K, Song CZ, Yamamoto K, Yano K, Maeda Y, Yamaguchi K, Muramatsu M. RNA
polymerase | associated factor 53 binds to the nucleolar transcription factor UBF and functions in
specific rDNA transcription. The EMBO journal. 1996; 15(9):2217-26. [PubMed: 8641287]

. Liljelund P, Mariotte S, Buhler JM, Sentenac A. Characterization and mutagenesis of the gene

encoding the A49 subunit of RNA polymerase A in Saccharomyces cerevisiae. Proceedings of the
National Academy of Sciences of the United States of America. 1992; 89(19):9302-5. [PubMed:
1409638]

. Wang T, Birsoy K, Hughes NW, Krupczak KM, Post Y, Wei JJ, Lander ES, Sabatini DM.

Identification and characterization of essential genes in the human genome. Science. 2015;
350(6264):1096-101. [PubMed: 26472758]

. Bateman E, Paule MR. Regulation of eukaryotic ribosomal RNA transcription by RNA polymerase

modification. Cell. 1986; 47(3):445-50. [PubMed: 3768960]

. Peyroche G, Milkereit P, Bischler N, Tschochner H, Schultz P, Sentenac A, Carles C, Riva M. The

recruitment of RNA polymerase | on rDNA is mediated by the interaction of the A43 subunit with
Rrn3. The EMBO journal. 2000; 19(20):5473-82. [PubMed: 11032814]

. Milkereit P, Tschochner H. A specialized form of RNA polymerase I, essential for initiation and

growth-dependent regulation of rRNA synthesis, is disrupted during transcription. The EMBO
Journal. 1998; 17(13):3692—703. [PubMed: 9649439]

. Moorefield B, Greene EA, Reeder RH. RNA polymerase | transcription factor Rrn3 is functionally

conserved between yeast and human. Proceedings of the National Academy of Sciences of the
United States of America. 2000; 97(9):4724-9. [PubMed: 10758157]

. Buttgereit D, Pflugfelder G, Grummt I. Growth-dependent regulation of rRNA synthesis is mediated

by a transcription initiation factor (TIF-1A). Nucleic Acids Res. 1985; 13(22):8165-80. [PubMed:
4070001]

. Gokal PK, Mahajan PB, Thompson EA. Hormonal regulation of transcription of rDNA. Formation

of initiated complexes by RNA polymerase | in vitro. The Journal of biological chemistry. 1990;
265(27):16234-43. [PubMed: 2398051]

. Mahajan PB, Gokal PK, Thompson EA. Hormonal regulation of transcription of rDNA. The role of
TFIC in formation of initiation complexes. The Journal of biological chemistry. 1990; 265(27):
16244-7. [PubMed: 2398052]

Brun RP, Ryan K, Sollner-Webb B. Factor C*, the specific initiation component of the mouse RNA
polymerase | holoenzyme, is inactivated early in the transcription process. Molecular and cellular
biology. 1994; 14(7):5010-21. [PubMed: 8007994]

. Schnapp A, Pfleiderer C, Rosenbauer H, Grummt I. A growth-dependent transcription initiation
factor (TIF-IA) interacting with RNA polymerase | regulates mouse ribosomal RNA synthesis.
EMBO J. 1990; 9(9):2857-63. [PubMed: 2390974]

Schnapp A, Schnapp G, Erny B, Grummt I. Function of the growth-regulated transcription
initiation factor TIF-IA in initiation complex formation at the murine ribosomal gene promoter.
Mol Cell Biol. 1993; 13(11):6723-32. [PubMed: 8413268]

Miller G, Panov KI, Friedrich JK, Trinkle-Mulcahy L, Lamond Al, Zomerdijk JC. hRRN3 is
essential in the SL1-mediated recruitment of RNA Polymerase | to rRNA gene promoters. EMBO
J. 2001; 20(6):1373-82. [PubMed: 11250903]

Yuan X, Zhao J, Zentgraf H, Hoffmann-Rohrer U, Grummt |. Multiple interactions between RNA
polymerase I, TIF-1A and TAF(I) subunits regulate preinitiation complex assembly at the
ribosomal gene promoter. EMBO Rep. 2002; 3(11):1082-7. [PubMed: 12393749]

Gene. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothblum et al.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Page 8

Cavanaugh AH, Hirschler-Laszkiewicz I, Hu Q, Dundr M, Smink T, Misteli T, Rothblum LI. Rrn3
phosphorylation is a regulatory checkpoint for ribosome biogenesis. J Biol Chem. 2002; 277(30):
27423-32. [PubMed: 12015311]

Stepanchick A, Zhi H, Cavanaugh AH, Rothblum K, Schneider DA, Rothblum LI. DNA binding
by the ribosomal DNA transcription factor rrn3 is essential for ribosomal DNA transcription. The
Journal of biological chemistry. 2013; 288(13):9135-44. [PubMed: 23393135]

Fath S, Milkereit P, Peyroche G, Riva M, Carles C, Tschochner H. Differential roles of
phosphorylation in the formation of transcriptional active RNA polymerase 1. Proceedings of the
National Academy of Sciences of the United States of America. 2001; 98(25):14334-9. [PubMed:
11717393]

Hirschler-Laszkiewicz I, Cavanaugh AH, Mirza A, Lun M, Hu Q, Smink T, Rothblum LI. Rrn3
becomes inactivated in the process of ribosomal DNA transcription. J Biol Chem. 2003; 278(21):
18953-9. [PubMed: 12646563]

Yamamoto K, Yamamoto M, Hanada K, Nogi Y, Matsuyama T, Muramatsu M. Multiple protein-
protein interactions by RNA polymerase I-associated factor PAF49 and role of PAF49 in rRNA
transcription. Molecular and cellular biology. 2004; 24(14):6338-49. [PubMed: 15226435]

Hannan KM, Rothblum LI, Jefferson LS. Regulation of ribosomal DNA transcription by insulin.
The American journal of physiology. 1998; 275(1 Pt 1):C130-8. [PubMed: 9688843]

Penrod Y, Rothblum K, Cavanaugh A, Rothblum LI. Regulation of the association of the PAF53/
PAF49 heterodimer with RNA polymerase . Gene. 2014

Seither P, Zatsepina O, Hoffmann M, Grummt I. Constitutive and strong association of PAF53 with
RNA polymerase I. Chromosoma. 1997; 106(4):216-25. [PubMed: 9254723]

Huet J, Buhler JM, Sentenac A, Fromageot P. Dissociation of two polypeptide chains from yeast
RNA polymerase A. Proceedings of the National Academy of Sciences of the United States of
America. 1975; 72(8):3034-8. [PubMed: 1103135]

Panov KI, Panova TB, Gadal O, Nishiyama K, Saito T, Russell J, Zomerdijk JC. RNA polymerase
I-specific subunit CAST/hPAF49 has a role in the activation of transcription by upstream binding
factor. Molecular and cellular biology. 2006; 26(14):5436-48. [PubMed: 16809778]

Nakagawa K, Hisatake K, Imazawa Y, Ishiguro A, Matsumoto M, Pape L, Ishihama A, Nogi Y.
The fission yeast RPA51 is a functional homolog of the budding yeast A49 subunit of RNA
polymerase | and required for maximizing transcription of ribosomal DNA. Genes Genet Syst.
2003; 78(3):199-209. [PubMed: 12893961]

Gadal O, Mariotte-Labarre S, Chedin S, Quemeneur E, Carles C, Sentenac A, Thuriaux P. A34.5, a
nonessential component of yeast RNA polymerase |, cooperates with subunit A14 and DNA
topoisomerase | to produce a functional rRNA synthesis machine. Molecular and cellular biology.
1997; 17(4):1787-95. [PubMed: 9121426]

Shalem O, Sanjana NE, Hartenian E, Shi X, Scott DA, Mikkelsen TS, Heckl D, Ebert BL, Root
DE, Doench JG, Zhang F. Genome-scale CRISPR-Cas9 knockout screening in human cells.
Science. 2014; 343(6166):84—7. [PubMed: 24336571]

Labun K, Montague TG, Gagnon JA, Thyme SB, Valen E. CHOPCHOP v2: a web tool for the next
generation of CRISPR genome engineering. Nucleic acids research. 2016; 44(W1):W272-6.
[PubMed: 27185894]

Sambrook, J., Russell, DW. The condensed protocols from Molecular cloning: a laboratory manual.
Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory Press; 2006.

Green, MR., Sambrook, J. Molecular cloning: a laboratory manual. 4. Cold Spring Harbor, N.Y:
Cold Spring Harbor Laboratory Press; 2012.

Sanjana NE, Shalem O, Zhang F. Improved vectors and genome-wide libraries for CRISPR
screening. Nat Methods. 2014; 11(8):783—4. [PubMed: 25075903]

Penrod Y, Rothblum K, Rothblum LI. Characterization of the interactions of mammalian RNA
polymerase | associated proteins PAF53 and PAF49. Biochemistry. 2012; 51(33):6519-26.
[PubMed: 22849406]

Longo PA, Kavran JM, Kim MS, Leahy DJ. Transient mammalian cell transfection with
polyethylenimine (PEI). Methods in enzymology. 2013; 529:227-40. [PubMed: 24011049]

Gene. Author manuscript; available in PMC 2018 May 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rothblum et al.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Page 9

Cavanaugh AH, Hempel WM, Taylor LJ, Rogalsky V, Todorov G, Rothblum LI. Activity of RNA
polymerase | transcription factor UBF blocked by Rb gene product. Nature. 1995; 374(6518):177-
80. [PubMed: 7877691]

Hannan RD, Hempel WM, Cavanaugh A, Arino T, Dimitrov SI, Moss T, Rothblum L. Affinity
purification of mammalian RNA polymerase I. Identification of an associated kinase. J Biol Chem.
1998; 273(2):1257-67. [PubMed: 9422795]

Zhang L, Ward JD, Cheng Z, Dernburg AF. The auxin-inducible degradation (AID) system enables
versatile conditional protein depletion in C. elegans. Development. 2015; 142(24):4374-84.
[PubMed: 26552885]

Morawska M, Ulrich HD. An expanded tool kit for the auxin-inducible degron system in budding
yeast. Yeast. 2013; 30(9):341-51. [PubMed: 23836714]

Holland AJ, Fachinetti D, Han JS, Cleveland DW. Inducible, reversible system for the rapid and
complete degradation of proteins in mammalian cells. Proceedings of the National Academy of
Sciences of the United States of America. 2012; 109(49):E3350-7. [PubMed: 23150568]

Kanke M, Nishimura K, Kanemaki M, Kakimoto T, Takahashi TS, Nakagawa T, Masukata H.
Auxin-inducible protein depletion system in fission yeast. BMC Cell Biol. 2011; 12:8. [PubMed:
21314938]

Nishimura K, Fukagawa T, Takisawa H, Kakimoto T, Kanemaki M. An auxin-based degron system
for the rapid depletion of proteins in nonplant cells. Nat Methods. 2009; 6(12):917-22. [PubMed:
19915560]

Rothblum K, Hu Q, Penrod Y, Rothblum LI. Selective inhibition of rDNA transcription by a small-
molecule peptide that targets the interface between RNA polymerase | and Rrn3. Mol Cancer Res.
2014; 12(11):1586-96. [PubMed: 25033839]

Suzuki A, Kogo R, Kawahara K, Sasaki M, Nishio M, Maehama T, Sasaki T, Mimori K, Mori M.
A new PICTure of nucleolar stress. Cancer Sci. 2012; 103(4):632—7. [PubMed: 22320853]
Morgado-Palacin L, Llanos S, Serrano M. Ribosomal stress induces L11- and p53-dependent
apoptosis in mouse pluripotent stem cells. Cell Cycle. 2012; 11(3):503-10. [PubMed: 22262176]
ladevaia V, Caldarola S, Biondini L, Gismondi A, Karlsson S, Dianzani I, Loreni F. PIM1 kinase is
destabilized by ribosomal stress causing inhibition of cell cycle progression. Oncogene. 2010;
29(40):5490-9. [PubMed: 20639905]

Ugrinova I, Monier K, Ivaldi C, Thiry M, Storck S, Mongelard F, Bouvet P. Inactivation of
nucleolin leads to nucleolar disruption, cell cycle arrest and defects in centrosome duplication.
BMC Mol Biol. 2007; 8:66. [PubMed: 17692122]

Saxena A, Rorie CJ, Dimitrova D, Daniely Y, Borowiec JA. Nucleolin inhibits Hdm2 by multiple
pathways leading to p53 stabilization. Oncogene. 2006; 25(55):7274-88. [PubMed: 16751805]
Yuan X, Zhou Y, Casanova E, Chai M, Kiss E, Grone HJ, Schutz G, Grummt I. Genetic
inactivation of the transcription factor TIF-1A leads to nucleolar disruption, cell cycle arrest, and
p53-mediated apoptosis. Mol Cell. 2005; 19(1):77-87. [PubMed: 15989966]

Rubbi CP, Milner J. Disruption of the nucleolus mediates stabilization of p53 in response to DNA
damage and other stresses. The EMBO journal. 2003; 22(22):6068-77. [PubMed: 14609953]

Gene. Author manuscript; available in PMC 2018 May 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rothblum et al.

Figure 1.

Page 10

anti-PAF53 anti-FLAG
Mouse — —
Human e s —
W
" © N
o o ()
A INEES IS A
S FFF |
O O €
In/Del
wild type: 5’ -GAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG-3"
Clone 4-5: 5’ -GAACAAAGATTCCACCA-=—=——— GGAAGAGGGAATCAACGGATCCTG-3"
Clone 4-6: 5"-GAACAAAGATTCCACCA-=—==== GGAAGAGGGAATCAACGGATCCTG-3"

Predicted Protein

wWild type:
Clone 4:

In/Del

Wild type:

Clone 8-2:

VQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL
VQFSNGKLQSPGNMRFTLYENKDST-—RKRNQRIL

5’ -ATTGTGTGGTACATTGTGTGGCCTTCTGCTCTCATCTATTCTTGGGCTGCACTCT
TACAGTCAGTTCTCCAACGGGAAGCTACAGAGTCCAGGCAACATGCGCTTTACCT
TGTATGAGAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG'

5’ -ATTGTGTGGTACATTGTGTGGCCTTTCTGCTCTCATCTATTCTT-3

Predicted Protein

wWild type:
Clone 8-2:

wWild type:
Clone 8-3:

In/Del

wWild type:

Clone 14-8:

Predicted

Wild type:

Clone 14-8:

IVWYIVWPSALISFLGCTLTVQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL
IVWYIVWPFCSHLILGLHSYSPVLQREATESRQHALYLV.

Splice junction A
NMRFTLYENKDSTNPRKRNQRIIJAAETDRLSYVGNNF
NMRFTLYENKDSTNAGEEESTDP Sl.\NR .ALLCGKQFW

Change in reading frame Stop codon

5’ -GAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG-3"
5’'-GAACAAA-—-=———==——=- CCCAGGAAGAGGGAATCAACGGATCCTG-3"

Protein

VQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL
VQFSNGKLQSPGNMRFTLYENK-~-~--PRKRNQRIL

Analysis of clones resulting from CRISPR of exon 2 of PAF53 and rescue with ectopic

FLAG-PAF53. A. Western blots demonstrating the knockout of expression of endogenous
PAF53 and rescue with FLAG-PAF53. B. Sequence analysis of exon 2 of the resulting
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clones. clone 4 contained one wild type gene. Both of the endogenous genes wee mutated in
clone 8. Three PCR clones from clone 14 were sequenced. Two wee mutant and one was
wild type. The second numbers in the sequences refer to the cloned PCR products from the
genomic DNA from the clonal cell lines.
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‘DNA
Wild Type: 5f CCAAC CCCAGGA
Clone A-3: 5’ CCAACCAGCC CGCTCAACTCGGCCATGCGCGGGCCGATCTCGGCGAACAGCGCCCCCCAGGA
Protein
Wild Type: N- FSNGKLQSPGNMRFTLYENKDSTN PRKRNQRIL

Clone A-1: N- FSNGKLQSPGNMRFTLYENKDSTNQPGTAQLGHARADLGEQRPPRKRNQRIL

Not shown: A single nucleotide insertion upstream of the targeted sequence was
also found and caused a change in reading frame causing a stop codon in the amino
acid sequence.

DNA
Wild type: 5’ GAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG
Clone B: 5’ GAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG

No evidence for CRISPR/Cas9 activity.

D

DNA

Wild type: 5’ CCAACCCCAGGAAGAGGGAATCAACGGATCCTG
Clone C-1: 5’ CCAAC---AGGAAGAGGGAATCAACGGATCCTG
Clone C-2: 5’ CCAACCTTGGGAATGTGCGGCAGAAAATTCCAAGCACAGACCTG

ACAGACCTGGAAAGTGATTTGCAA

Protein

Wild type: N- VQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL

Clone c-1: N- VQFSNGKLQSPGNMRFTLYENKDSTN-RKRNQRIL

Clone C-2: N- VQFSNGKLQSPGNMRFTLYENKDSTNLGNVRQKIPSTDLESDLQPRKRNQRIL

E

DNA
Wild type 5/ GAACAAAGATTCCACCAACCCCAGGAAGAGGGAATCAACGGATCCTG
Clone D-4: 5/ GAACAAAGATTCCACCAACCCCAGGAAGA--GAATCAACGGATCCTG
Clone D-3: 5/ GAACAAAGATCCm=—=———= CAGGAAGAGGGAATCAACGGATCCTG

Protein

Wild type N- VQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL
Clone D-4: N- VQFSNGKLQSPGNMRFTLYENKDSTNPGRGINGSW
Clone D-3: N- VQFSNGKLQSPGNMRFTLYENKD---PRKRNQRIL

‘DNA
wild type 5 GAACAAAGATTCCACCAACCCC AGGAAGAGGGAATCAACGGATCCTG
Clone E-2: 5/ GAACAAAGAT-=-=====—— CCC AGGAAGAGGGAATCAACGGATCCTG

Clone E-5: 5’ GAACAAAGATTCCACCAACCCCCAGGAAGAGGGAATCAACGGATCCTG
Protein
wild type N- VQFSNGKLQSPGNMRFTLYENKDSTNPRKRNQRIL

Clone E-2: N- VQFSNGKLQSPGNMRFTLYENKD—---PRKRNQRIL
Clone E-5: N- VQFSNGKLQSPGNMRFTLYENKDSTNPGRINGSW .

Figure 2.
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Western blot analysis demonstrating the mobility of PAF53 in clones after CRISPR/Cas9
mutagenesis of exon 2 and the sequences of the exons of the clonal cell lines. These cells
were not provided with an alternative, gRNA-resistant form of PAF53. B.—F. Sequence
analysis of exon 2 of the resulting clonal cell lines. Three or more PCR clones from each
cell line were sequenced. The second numbers in the sequences refer to the cloned PCR
products from the genomic DNA from the clonal cell lines.
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