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SUMMARY

Eukaryotic tailless complex polypeptide 1 ring complex/Chaperonin containing tailless complex polypep

tide 1 (TRiC/CCT) chaperonin is typically considered a cytosolic machine mediating polypeptide folding 

and assembly of protein complexes. Here, we investigated the nuclear role of TRiC/CCT. Use of a TRiC/ 

CCT temperature-sensitive allele revealed increased production of nascent RNA leading to the accumu

lation of noncoding transcripts. TRiC/CCT was associated with RNA polymerase II (RNAPII) in vitro and 

in vivo, including when bound to DNA. Heat treatment of the TRiC/CCT ts chaperonin stabilized the 

RNAPII complex association and binding to the actin and tubulin substrates. Expression of the Huntingtin 

protein Htt correlated with lowered RNA production and a decreased association between the RNAPII 

and TRiC/CCT complexes. Together, our presented data support a model where TRiC/CCT regulates 

the global activity of RNAPII in reaction to the status of proteostasis. Overall, our work reveals an avenue 

by which TRiC/CCT contributes to homeostasis by regulating the activity of nuclear RNAPII.

INTRODUCTION

The molecular chaperone tailless complex polypeptide 1 ring 

complex (TRiC) or Chaperonin containing tailless complex poly

peptide 1 (CCT) is an essential eukaryotic chaperonin distantly 

related to prokaryotic GroEL.1 All chaperonins are multi-subunit 

oligomers forming 2 stacked rings with TRiC consisting of 8 pa

ralogous subunits (Cct1–Cct8) in each ring with an evolutionarily 

conserved arrangement.1 Classically, the chaperonins are 

considered assembly factors of biological complexes. GroEL 

was originally identified as an essential host factor for the repli

cation of bacteriophages where it assembles phage capsids 

(Gro, phage growth; E, growth defect overcome by mutation in 

phage head protein; L, large subunit).2,3 Since these founding 

studies, it has been shown that GroEL also aides in nascent poly

peptide folding, prompts the disassembly of protein structures, 

and is induced to facilitate stress resistance.4–8 While TRiC 

also mediates de novo protein folding and complex assembly, 

it is not stress inducible.9,10 In general, our understanding of eu

karyotic chaperonins remains limited.

It is well established that cytoplasmic TRiC promotes the co- 

and post-translational maturation of ∼10% of new polypeptides 

including many essential and topologically intricate factors 

including actin, tubulin, and beta-propeller factors such as 

F-box and G-beta proteins.6,7,11–14 Similar to GroEL, a common 

TRiC/CCT activity is the assembly of protein complexes. For 

instance, TRiC is needed for the formation of VHL-Elongin BC tu

mor suppressor structure, the Gβγ dimer, the Bardet-Biedl syn

drome protein structure, and the basal transcription factor com

plex TFIID.15–18 However, TRiC does not only contribute to 

polypeptide folding but can have regulatory functions, as is the 

case when TRiC interacts with gelsolin where the chaperonin 

regulates the activity of this actin capping/severing factor.19,20

Furthermore, TRiC does not fold Orai1 but rather modulates 

the intracellular trafficking of the native Orai1 membrane protein, 

which influences calcium signaling kinetics.21 Perhaps, it is the 

multiple contributions of TRiC to various eukaryotic cellular path

ways that makes it an essential eukaryotic factor.22

Potentially complicating the full understanding of TRiC function 

is the division of eukaryotic cells into distinct compartments. While 

it is clear that prokaryotic-origin mitochondria contain the chaper

onin Hsp60, which is more similar to GroEL, whether TRiC works 

just in the cytosol or if it has a nuclear role is not understood. TRiC 

was originally defined as a cytoplasmic machine.23 Yet, several 
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studies have reported TRiC subunits in the nucleus and/or asso

ciated with nuclear factors including the detection of TRiC sub

units in the nucleus.24–26 TRiC-P5 was reported in a large complex 

associated with the nuclear matrix of human lymphocytes and leu

kocytes; human TCP1 isoforms localize to the nuclear matrix 

during apoptotic chromatin condensation, and mouse TRiC inter

acts with heterochromatin during spermatogenesis.27–30 High- 

throughput mass spectrometry studies and selective ribosome 

profiling analyses have physically connected TRiC to several nu

clear factors including components of histone deacetylases 

(Set3C, Rpd3S, and Rpd3L), histone acetylase (SAGA), chromatin 

remodelers (SWR-C and SWI/SNF), methyltransferase (Set1C), 

basal transcription factor (TFIID), RNA metabolism (CCR4-NOT), 

and RNA polymerase II (RNAPII).6,7,31–35 While the functional 

role of TRiC with each of these complexes is yet to be resolved, 

TRiC has been shown to fold subunits of the SMRT-HDAC3, 

TFIID, and telomerase complexes and to assemble these subunits 

into their final structures.18,36 Whether TRiC interacts with these 

factors in the cytoplasm and/or nucleoplasm is not clear. Perhaps 

notably, the GroEL chaperonin is associated with bacterial RNA 

metabolism including RNA production and mRNA protection.37–39 

Here, we assessed the functional influence of TRiC on several nu

clear pathways and show that TRiC localizes to the nucleus gov

erning RNAPII activity to support nuclear RNA homeostasis.

RESULTS

TRiC has a nuclear presence

We began our chaperonin investigation by determining the 

cellular localization of TRiC in budding yeast cells. We ex

ploited 2 TRiC subunits, Cct2 and Cct6, expressed as GFP fu

sions within a flexible surface loop of these subunits that does 

not interfere with chaperonin assembly and function.40 We 

checked the localization of Cct2-GFP and Cct6-GFP by 

confocal fluorescent microscopy and biochemical fraction

ation. Both assays indicated a nuclear presence of TRiC 

(Figures 1A and 1B). To confirm that these represent the 

assembled chaperonin, we resolved the nuclear extract by 

size exclusion chromatography. We observed comparable 

patterns for Cct2-GFP and Cct6-GFP in nuclear or whole 

cell extracts with the fully assembled TRiC complex resolving 

into fraction 2 (Figure 1C). Hence, eukaryotic TRiC is present 

in the nucleus and is assembled into the ∼1 MDa holo-chap

eronin complex.

A B

C

Figure 1. TRiC has a presence in both the cytoplasm and nucleoplasm 

(A) The cellular localization of TRiC was visualized using yeast expressing GFP fusions of the Cct2 or Cct6 subunits,40 as marked. Confocal images were acquired 

using an Airyscan 2 LSM 900. 

(B) Yeast cells were biochemically separated into cytosolic and nucleosolic fractions. Markers for the nuclear (RNA polymerase α-Pol II) and cytosol (phos

phoglycerate kinase 1 α-PGK1) compartments were followed by immunoblot analysis as well as the position of GFP-Cct2 or GFP-Cct6 (α-GFP), as marked. 

(C) To check if GFP-Cct2 and GFP-Cct6 assembled into the chaperonin structure in the nucleoplasm, whole cell and nuclear extracts were resolved by size 

exclusion chromatography and the position of GFP-Cct2 or GFP-Cct6 were visualized by immunoblot analysis. The relative positions of native protein size 

standards (units are kDa) are shown above the fractions.
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TRiC inactivation triggers accumulation of divergent 

noncoding RNA transcripts

To start assessing the influence of the TRiC chaperonin on nu

clear events, we examined steady-state RNA transcripts in the 

presence and absence of active TRiC. To inactivate TRiC, we 

used the temperature-sensitive strain cct1-2 (G423D), which is 

fully active at the permissive temperature (30◦C) and inactivates 

at 37◦C (Figure S1A).12,41 We exploited an established temper

ature regime of 4 h at 37◦C, which prompts cessation of cell 

growth that is reversible following return to a permissive tem

perature.41 In brief, exponentially growing parental (wild type 

[WT]) and cct12 yeast were shifted to 37◦C for 4 h; RNA was iso

lated, and RNA-seq analysis was performed. The most 

apparent phenotype was the emergence of noncoding/cryptic 

RNA transcripts including the accumulation of RNAs from bidi

rectional promoter firing (Figures 2A, I1, I2, I3, and I4, and S1B) 

and rise in antisense RNAs across open reading frames 

(Figures 2B and S1C). Of note, there was no apparent correla

tion between the affected loci and whether these genes were 

regulated by known TRiC substrates SAGA or TFIID (data not 

shown).42

While there were changes to steady-state genic RNAs, these 

were relatively minor with 71 up-regulated (2-GFold; GFold 

threshold of 0.01)43 and 85 down-regulated (50%) genes out of 

the 6,692 yeast open reading frames (ORFs). In general, the acti

vated genes (35/71) were linked to stress response/protein 

folding, and the repressed genes (51/71) were associated with 

the ribosome/translation. Basically, the changes in sense tran

script levels were comparable to a mild stress condition 

(Figure S1D).44 Contrasting the limited changes in ORF sense 

RNAs, loss of TRiC had a large influence on the steady-state 

levels of cryptic RNAs (i.e., any RNA not representing sense 

RNA of an ORF) (Figure 2C). In addition to the cct1-2 tempera

ture-sensitive mutant, we observed a comparable, albeit 

weaker, transcription response using the milder ts variant 

cct4-1 (G345D) (Figures S1E and S1F).

To evaluate the RNAs accumulating in cct12 at 37◦C, normal

ized RNA-seq reads along the entire genome were compared 

A B

C D

Figure 2. Inactivation of TRiC leads to the accumulation of noncoding RNAs 

RNA expression patterns from exponentially dividing wild type (WT) and cct1-2 yeast exposed to 37◦C (non-permissive temperature for cct1-2)41 for 4 h were 

determined by deep sequencing (RNA-seq) and aligning to the yeast genome. 

(A and B) Representative patterns illustrating the accumulation of sequence reads in intergenic areas (A) or antisense RNAs within an open reading frame (B) are 

shown. The intergenic regions shown in (A) were designated intergenic region 1, 2, 3, or 4 (I1, I2, I3, I4). 

(C) TRiC inactivation correlated with a biased increase in the accumulation of cryptic (intergenic and antisense) RNAs. 

(D) The relative representation of aberrant RNAs in WT and cct1-2 yeast exposed to 37◦C for 4 h is shown for known cryptic unstable transcripts (CUTs), Nrd1- 

unterminated transcripts (NUTs), stable unannotated transcripts (SUTs), and Xrn1-sensitive unstable transcripts (XUTs). 

See also Figure S1.
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from WT and cct1-2 samples at each nucleotide position. We 

developed a computational script (interval identifier) for the com

parison that uses normalized RNA-seq nucleotide coverages to 

identify intervals with at least a 4-fold differences in read counts 

(Figures S1G and S1H). An advantage of interval identifier is that 

the length of the area with differential coverage between com

parison datasets (e.g., parental vs. mutant) depends on the con

tinuity of a 4-fold difference between the adjacent nucleotides. 

At a threshold where cct1–2 read counts were increased ≥4- 

fold relative to parental (cct1-2/WT), ∼9.8% of the genome 

was associated with noncoding RNAs following TRiC inactiva

tion. In contrast, only ∼0.3% of the genome showed a ≥4-fold 

increase in parental read counts compared to cct1-2 (WT/ 

cct1-2). For noncoding transcripts, the parental RNA pool 

covered ∼4% of the upstream intergenic region while cct1-2 

coverage increased to ∼65% of the total intergenic areas. In 

addition to promoter-associated RNAs, 51 ORFs displayed a 

substantial change in the directionality of transcript production 

following loss of TRiC (Figures 2B and S1C). Apart from these 

noncoding RNAs (i.e., bidirectional promoter transcripts and 

antisense ORF RNAs), there were no clear reference points for 

where the rest of the cryptic RNAs started and ended since the 

locations and intensities varied with respect to gene bodies 

and intergenic regions.

To determine if the diversity of transcripts that are produced in 

the absence of active TRiC represented known cryptic RNAs, we 

compared the cct1–2 pool to previously identified aberrant RNA 

classes including cryptic unstable transcripts (CUTs), stable un

annotated transcripts (SUTs), Xrn1-sensitive unstable tran

scripts (XUTs), and Nrd1 unterminated transcripts (NUTs). First, 

we analyzed an established NUT dataset using interval identifier 

and found that it successfully recognized cryptic RNAs 

(Figure S1G). Next, we analyzed the WT and cct1-2 RNA-seq da

tasets with interval identifier and compared the results to previ

ous reports on CUTs, SUTs, XUTs, and NUTs.45–48 The cct1-2 

RNAs overlapped with ∼35% of CUTs, ∼31% SUTs, ∼42% 

XUTs, and ∼67% NUTs (Figure 2D). Collectively, the known 

pool of CUTs, SUTs, XUTs, and NUTs covered ∼15% of the 

cct1-2 cryptic transcriptome. The changes in these noncoding 

RNA levels suggest that a TRiC-dependent breakdown in the 

RNA quality control process accounts for much of the stable 

cryptic transcripts present in cct1-2 cells.

To check whether TRiC is involved with a known RNA quality 

control component, we examined sites associated with the 

RNA quality control factor Nrd1. Studies on Nrd1 have shown 

that it is involved in many classes of aberrant nuclear RNAs 

and is therefore a key constituent for the global surveillance of 

the transcriptome.48,49 Since the binding motif for Nrd1 is en

riched in snoRNAs,48 we examined these loci. In general, 

snoRNA encoding genes displayed increased readthrough 

beyond the transcription termination sites (Figure S1I, I5 and 

I6). For almost half of the snoRNA genes (30 out of 68), the level 

of readthrough transcripts was ∼1.5-fold higher in cct1-2, yet the 

level of RNA prior the termination site was comparable 

(Figure S1J). Readthrough transcripts were also apparent at 

the non-snoRNA gene, SNU56, which is also targeted by Nrd1 

(Figure S1K). Of note, divergent RNAs from read through of 

SNU56 and from bidirectional promoter firing of YDR239C are 

both present in intergenic region I7 (Figure S1K). All of these 

loci displayed a mild decline in Nrd1 occupancy at the 3′ ends 

as measured using the chromatin immunoprecipitation (ChIP) 

assay (Figure S1L). Yet, given the difference in the magnitude 

of the cryptic RNA phenotype vs. the mild change in Nrd1 occu

pancy, we concluded Nrd1 impairment does not explain the 

observed RNA changes occurring after TRiC inactivation. We 

therefore explored the influence of TRiC on other nuclear path

ways including chromatin-associated features.

Influence of TRiC on epigenomic marks

The TRiC chaperonin has been linked to numerous chromatin 

modifiers including SAGA, NuA4, RPD3S/L, SET3C, SET1C, 

HDA1, HST3/4, and SPT10.31–35,50 TRiC is minimally needed 

for the proper assembly of the SMRT-HDAC3 and TFIID com

plexes.18,36 We therefore examined whether TRiC has an 

active role in modulating the epigenomic and chromatin land

scapes and if this could account for the large increase in 

steady-state cryptic RNAs. Using standard procedures, we 

isolated histones from exponentially growing parental (WT) 

and cct1-2 cells incubated for 4 h at 37◦C and interrogated 

23 different histone post-translational modifications (PTMs) 

by mass spectrometry.51

Perhaps unexpectedly, the only observed significant change 

to the histone code was an ∼25% (±8% SD) increase of 

H3K79me3 in cct1-2 cells (Figures 3A and S2A–S2C). The 

H3K79me3 PTM often demarcates nucleosomes at or near 

actively transcribed loci, and H3K79me3 has been implicated 

in pervasive extragenic transcription.52–54 Of note, ∼29% of 

the sites displaying increased steady-state transcripts in 

cct1-2 overlapped with established H3K79me3 peaks (data not 

shown).54 We did find a small increase in H3K79me3 at sites sub

ject to elevated cryptic transcripts (Figure 3B). However, not all 

sites with cryptic RNAs correlated with elevated H3K79me3 

levels (Figure 3B, I8 and I10). The disparity in the magnitude of 

the TRiC-dependent differences between epigenomic changes 

and the increased levels of cryptic RNAs upon TRiC inactivation 

suggests that other/additional factors contribute to the accumu

lation of the noncoding RNAs.

As H3K79me3 has been reported to be mutually exclusive with 

the H2A.Z histone variant,55,56 we examined the correlation be

tween H2A.Z and pervasive RNA production. We found that 

H2A.Z occupancy declined ∼2-fold at sites having elevated diver

gent RNAs in cct1-2 (Figure 3C). The reduction in H2A.Z chromatin 

occupancy occurred in a time-dependent manner after TRiC inac

tivation (Figure S2D). Of note, the TRiC-dependent decrease in 

H2A.Z chromatin association appears to be independent of 

H3K79me3 since a similar change in H2A.Z occupancy was 

observed in dot1Δ yeast following TRiC loss (Figure S2E)—Dot1 

is the lone H3K79 tri-methyltransferase in yeast.57

We found that the steady-state levels of the H2A.Z protein 

declined in cct1-2 at the restrictive temperature with no apparent 

change in H3 protein (Figure 3D), which suggests that the H2A.Z 

protein relies on the TRiC chaperonin for stability, as is typical for 

a chaperonin substrate. Of note, deletion of the H2A.Z encoding 

gene HTZ1 further sensitized cct1-2 yeast to increased temper

ature, thereby showing a physiological link between these fac

tors (Figure S2F). Given the connections between TRiC and 
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H2A.Z, we tested if a reduction of H2A.Z at gene promoters insti

gated an accumulation of cryptic RNAs comparable to TRiC 

inactivation. To trigger the loss of H2A.Z in chromatin, we engi

neered an H2A.Z anchor-away yeast strain. In brief, anchor 

away allows the controlled removal of a protein from the nucleus 

by taking advantage of the Rapamycin-dependent interaction 

between FKBP12 and the FKBP Rapamycin-Binding domain 

(FRB) of TOR1 in addition to the flow of ribosomal proteins 

from the nucleus to the cytoplasm.58 Following rapamycin addi

tion, we observed a time-dependent depletion of H2A.Z from 

chromatin as measured by ChIP (Figure 3E). Despite the H2A.Z 

reduction, there was no significant change in the accumulation 

of divergent RNAs, as determined by RNA-seq (Figure 3F). Over

all, these experiments indicate that H2A.Z is likely a substrate of 

TRiC, yet the TRiC-dependent loss of H2A.Z does not account 

for the increase in steady-state levels of cryptic transcripts 

upon TRiC inactivation.

Our prior work on the roles of molecular chaperones in the nu

cleus showed that both Hsp90 and p23 impact chromatin acces

sibility.59–61 Hence, we evaluated whether the TRiC chaperone 

might have a similar influence by mapping the global DNaseI hy

persensitivity sites (DNaseI-seq).59,62 We observed that TRiC 

A B

C

E
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F

Figure 3. TRiC influence on histone modifications and correlation to cryptic RNAs 

(A) Mass spectrometry analysis of histone tail post-translation modifications was performed on histone proteins that were isolated from exponentially dividing WT 

and cct1-2 yeast exposed to 37◦C for 4 h. The relative abundance of select H3 modifications are shown as mean ± SEM. 

(B) The relative levels of H3K79me3 at sites associated with H2A.Z occupancy were determined at control (ACT1), I1, I3, and I7-I10 and shown as mean ± SEM. 

(C) The relative chromatin occupancy of H2A.Z was determined and represented as mean ± SEM at control (ACT1) and I8-I11 sites in WT and cct1-2 yeast 

engineered to express H2A.Z as a TAP-tagged fusion. 

(D) The steady-state levels of H2A.Z-TAP and H3-TAP, as indicated, were checked in WT and cct1-2 yeast exposed to 37◦C for 4 h by immunoblot analysis using 

an α-TAP antibody and titrations of whole cell extracts (100, 50, and 25 μg). 

(E) Using the anchor-away assay, H2A.Z was depleted from the nucleus in engineered WT yeast. The relative chromatin occupancy of H2A.Z at control (ACT1), I8- 

I11 was checked by ChIP following addition of DMSO (striped bars) or rapamycin (open bars) at the indicated time points, where the bars represent mean ± SEM. 

(F) The impact of H2A.Z nuclear depletion on RNA patterns was determined using anchor away and RNA-seq. Yeast were treated with DMSO or rapamycin for 2 h; 

cells were collected; isolated RNA was deep sequenced, and reads were aligned to the yeast genome. 

See also Figures S2 and S3.
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does not modulate the total quantity of open chromatin regions 

across the genome. The number of DNaseI hypersensitive sites 

(DHSs) was comparable following TRiC inactivation (parental 

DHSs = 4,520 and cct1-2 DHSs = 4,492). Yet, there were 

changes to the locations of the DHSs (∼20% of parental DHSs 

are lost at the restrictive temperature with an ∼16% gain in 

DHSs specific to the cct1-2 background) (Figure S3A). Also, 

the average DHS Z score, which is a measure of DNase I cleav

age level,63 reduced from 19.5 in parental cells to 13.2 in cct1-2 

(32% reduction), indicating a mild reduction in chromatin acces

sibility following loss of TRiC (Figure S3B). These experiments 

demonstrate that TRiC can influence chromatin accessibility 

since access was reduced mildly. Yet, the changes in DHSs 

(i.e., decreased size, increased, or unique to background) did 

not correlate with the production of cryptic RNAs (Figure S3C). 

For example, ∼50% of the divergent RNAs associated with bidi

rectional promoter firing did not display a change in accessibility. 

To this point, we conclude that the observed increases in cryptic 

RNAs following TRiC inactivation are not accounted for mecha

nistically by changes in RNA quality control, histone modifica

tions, or chromatin accessibility.

Inactivation of TRiC triggers a significant increase in 

nascent RNA production

We next focused on the possible role of TRiC in the process of 

RNA biogenesis. The steady-state levels of any RNA transcript 

is set by multiple events including RNA synthesis and decay 

pathways.64 To evaluate the global dynamics of nascent tran

script production, we exploited metabolic labeling of RNA with 

the nucleotide analog 4-thiouracil (4tU) followed by high- 

throughput sequencing (4tU-seq).65,66 In brief, 4tU-seq allows 

the relative contributions of synthesis and decay rates to 

steady-state RNA levels to be appraised.66 Hence, we evaluated 

nascent RNAs in parental and cct1-2 cells using 4tU-seq.

Following a 4 h incubation at 37◦C, parental and cct1-2 cells 

were exposed to 4tU for 5 min to label the nascent transcripts. 

RNA isolated from labeled and unlabeled (control) cells were 

conjugated to biotin with a thiol-reactive reagent; the bio

tinylated RNA was affinity purified with streptavidin, and the iso

lated RNA was sequenced. Notably, we observed a dramatic in

crease in nascent RNA production in cct1-2 yeast (Figures 4A 

and S4). At a threshold of ≥4-fold for cct1-2/WT, ∼22.8% of 

the genome displayed higher levels of nascent RNAs. whereas 

only ∼0.4% of the genome had levels ≥4-fold when comparing 

WT to cct1-2. Relative to the steady-state RNAs (Figure 2), 

nascent transcripts cover more of the genome (∼9.8% vs. 

22.8%) and are ∼7.3-fold more abundant. In contrast to the 

biased changes in intergenic and antisense transcripts within 

the steady-state RNA pool of cct1-2 (Figure 2), the nascent 

RNAs were elevated across the genome in cct1-2 (Figure 4B). 

As might be anticipated, given the broad genomic expression 

pattern of the cct1–2 transcripts, the cct1–2 nascent RNAs over

lapped well with all classes of known cryptic RNAs including 

CUTs, SUTs, XUTs, and NUTs (data not shown). Thus, the 

increased production of nascent RNAs is contributing to the 

accumulation of noncoding RNAs.

In addition to evaluating nascent RNA production, the 4tU- 

seq data in conjunction with RNA-seq can be used to gauge 

RNA degradation rates.65,67 In brief, RNA half-lives are propor

tional to the normalized number of RNA molecules (RNA-seq) 

divided by the level of normalized, actively produced RNAs 

(4tU-seq). Analysis of the parental (WT) and cct1-2 datasets re

vealed that the WT RNA pool has longer-lived transcripts (i.e., 

parental pool has higher levels of RNA species with a half-life 

estimator value of ≥4), and shorter-lived transcripts are prefer

entially found in cct1-2; accordingly, the cct1-2 pool is enriched 

for RNAs with half-life estimator values ≤ 4 (Figure 4C). Hence, 

the loss of TRiC resulted in an increased production of nascent 

RNAs but also shortened the RNA lifespan. Likely, the 

increased degradation rate is the cell’s attempt to restore 

RNA homeostasis by countering the increased production 

rate of nascent RNAs. We suspect that the increase of cryptic 

RNAs in the steady-state pool (Figure 2) resulted from preferen

tial activity of the RNA quality control machinery on coding 

RNAs, which would reduce the stable output of coding RNAs 

to near normal but prolong the lifetime of noncoding RNAs. 

This could be due to either RNA quality control being over

whelmed by the increased level of substrate or by a preferential 

recognition of coding RNAs. Regardless of the mechanism, 

these experiments indicate that a major outcome of TRiC loss 

is the increase in the global production of RNAPII-dependent 

nascent RNAs.

Nuclear depletion of TRiC triggers increased noncoding 

RNA accumulation

We assessed if the effect of TRiC loss on RNA transcript produc

tion involves its cytoplasmic locale or whether it is due to a 

nuclear role of TRiC. Initially, we attempted to use the anchor- 

away approach to remove TRiC from the nucleus but, unfortu

nately, our attempts to use various TRiC subunits as FRB fusions 

in anchor away were unsuccessful (Figure S5A). Instead, we ex

ploited our existing Cct2-GFP and Cct6-GFP strains and trans

formed these cells with a GAL1-driven expression vector for a 

GFP nanobody that also has 3 nuclear export signals (NES- 

GFP-Nanobody). Following the addition of galactose to the me

dia, we found a time-dependent nuclear depletion of Cct2-GFP 

or Cct6-GFP and correlative increases in steady-state intergenic 

RNAs but not genic (Figures 5A, 5B, and S5B). Importantly, the 

cytosolic function of TRiC remained intact as the levels of actin 

and tubulin remained constant (Figure S5C). While the impact 

on RNA levels was not as sizeable as that observed in cct1-2 

(Figures 2A and S1B), our nanobody depletion tactic only 

reduced nuclear levels by ∼50% (Figure 5C), which might ac

count for the lower influence on transcript production. Despite 

only reducing its nuclear presence by ∼50%, these strains had 

mild growth defects suggesting that depletion of nuclear TRiC 

impacts cell viability (Figure S5D). Intriguingly, a closer examina

tion of TRiC in the depleted nuclei revealed a punctate staining 

pattern for the remaining nuclear TRiC that colocalized with 

RNAPII signal (Figures 5D and S5E). We speculate that as nucle

oplasmic TRiC is depleted, a recycling factor needed to disen

gage TRiC from the DNA-bound RNAPII is removed (e.g., the 

open-state cofactor PDCD5 [yeast homolog is Sdd2]).68 Mini

mally, normal amounts of nuclear TRiC are required to maintain 

proper levels of RNA including in the balance of intergenic and 

genic species.
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TRiC directly regulates RNAPII activity

Given the established chaperonin role of assembling/disassem

bling macromolecular complexes, we assessed whether TRiC- 

regulated RNAPII by altering the composition of the RNAPII 

structure. We performed TAP-tag isolations of the RNAPII com

plex using strains expressing the largest subunit, Rpb1, as a TAP 

fusion in the WT or cct1-2 backgrounds. Following a standard 

2-step TAP purification, no differences in RNAPII subunit levels 

were apparent (Figure 6A). To detect TRiC association, we had 

to use less-stringent conditions. We pulled down the TAP- 

tagged polymerase complex using a 1-step procedure followed 

by immunoblot analysis to visualize the Rpb1-TAP and TRiC pro

teins. While equivalent levels of Rpb1 were isolated, the levels of 

TRiC increased ∼2-fold in the cct1-2 pulldown sample 

(Figure 6B). Of note, comparable pulldown experiments using 

extracts prepared from cells not expressing a TAP-tagged 

Rpb1 fusion did not detect any bead-associated TRiC (data 

not shown).

Since TRiC is associating with the assembled RNAPII com

plex, we checked whether the chaperonin is influencing poly

merase function by performing in vitro transcription assays. 

We prepared standard nuclear extracts from cells treated for 

4 h at 37◦C and evaluated the in vitro production of RNA 

from the VAS1 promoter, which displayed increased noncod

ing RNA levels associated with bidirectional promoter firing 

in vivo (Figures 2A, 4A, 5B, and S4). The biotinylated VAS1 

promoter DNA template was immobilized on magnetic beads, 

and the bidirectional production of RNAs from the VAS1 tran

scription start site (TSS) was visualized by standard primer 

extension assays with oligonucleotides select for upstream 

or downstream RNAs. The VAS1 promoter fired pervasively 

producing transcripts in an orientation-independent manner 

with the cct1-2 nuclear extract creating ∼10-fold more RNA 

in both directions (Figure 6C). Titration of purified, recombinant 

TRiC into the cct1-2 nuclear extract was sufficient to reduce 

the activity of RNAPII, in a dose-dependent manner, to the 

level of RNAPII in WT nuclear extract (Figure 6C). We further 

used the biotinylated DNA template to assess the levels of 

associated TRiC and found that the cct1-2 TRiC had enhanced 

interactions with DNA-engaged RNAPII (Figure 6D). The WT 

A

B C

Figure 4. Production of nascent RNAs is TRiC dependent 

(A) The relative levels of active transcription in exponentially dividing WT and cct1-2 yeast exposed to 37◦C for 4 was monitored by 4tU-seq. For illustrative 

purposes, 2 different areas of the genome are shown with the sequences reads aligned to the yeast genome from samples prepared from WT or cct1-2 yeast 

exposed to 37◦C for 4 h. 

(B) TRiC inactivation increased the production of nascent RNA transcripts across the genome regardless of RNA type (i.e., genic, intergenic, or antisense). 

(C) Relative RNA half-lives in WT and cct1-2 cells exposed to 37◦C for 4 h were calculated as TPM(RNA-seq)/TPM(4tU-seq) where TPM is transcripts per million. 

See also Figure S4.
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and cct1-2 reactions were prepared using a DNA template 

master mix. Intriguingly, inactivation of TRiC using the cct1-2 

allele also prompted increased interaction of TRiC with the 

chromatin fraction in a cell fractionation assay (Figures 6E 

and S6A). Hence, WT TRiC is present in both the nucleoplasm 

and bound to the chromatin. Heat treatment of the cct1-2 

cells stabilized the chaperonin to RNAPII in the chromatin 

fraction.

As a prior study had suggested that the cct1-2 mutation disfa

vored substrate binding using the folding targets actin and 

tubulin,12 our observations compelled a follow-up evaluation of 

TRiC-substrate interactions in the WT and cct1-2 backgrounds. 

In brief, we wished to assess whether TRiC binding to RNAPII dif

fers from the well-established substrates actin and tubulin.12 We 

employed yeast cells expressing the Cct6 subunit as a Calmod

ulin binding protein (CBP) fusion where the CBP tag was placed 

in a flexible surface linker of Cct6 that is known to not interfere 

with substrate protein interactions.40,70 Using calmodulin beads, 

we isolated the TRiC complex from WT and cct1-2 cells. Signif

icantly, the cct1-2 TRiC was associated with elevated levels of 

the RNAPII complex and the known chaperonin substrates actin 

and tubulin (Figures 6F and S6B). As the prior study used an 

amino-terminal hemagglutinin (HA) tag on the amino-terminus 

of the Cct2 subunit and terminal tags are known to be buried 

within the substrate-binding cavity of chaperonins,70,71 we sus

pect that the combination of the amino-terminal tag and cct1-2 

mutation resulted in destabilization of substrate interactions; in 

contrast to our use of an internal using an epitope tag in a flexible 

A B

C D

Figure 5. Active nuclear export of TRiC depletes the nucleoplasm but leaves the chromatin-associated chaperonin 

(A) The cellular localization of TRiC was visualized using yeast expressing the Cct2 or Cct6 subunit as a GFP fusions and a mCherry-Pho88 fusion to mark the 

outer and nuclear membranes.40,69 The yeast transformants also carried an expression vector for a GFP-Nanobody with nuclear export signals (3× NES) under 

the control of the GAL1 promoter. To trigger nuclear depletion of TRiC, yeast growing exponentially in selective simple raffinose-based media were supplemented 

with galactose. The GFP signal was visualized at 0, 12, and 24 h post galactose addition with confocal images acquired using a DeltaVision OMX. 

(B) Yeast expressing GFP fusions of either Cct2 or Cct6, as marked, were transformed with the NES-GFP-Nanobody. Exponentially growing cells were supplemented 

with galactose, incubated for 24 h, and RNA was isolated. The production of intergenic (Int.) or genic (Genic) RNA was monitored by reverse-transcription quantitative 

PCR (RT-qPCR) using select primers. The normalized intergenic signal is represented by pink bars and normalized genic signal by blue bars as mean ± SEM. 

(C) The relative depletion of the Cct2-GFP and Cct6-GFP, as marked, signal from the nucleus was monitored before and after galactose addition to trigger 

expression of the GFP-NES-Nanobody. GFP signals were normalized to total intensity of each cell, and the values at the indicated time points were quantified and 

graphed as mean ± SEM. Statistical analysis used Student’s t tests (p value < 0.05 cutoff) with n = 6 (50 cells each) for all quantifications with ***0.0001 < p < 0.001. 

(D) Representative images of the nuclei of cells expressing CCT2-GFP or CCT6-GFP, as marked, before (Gal 0 h) or after addition of galactose (Gal 6 h) are shown. 

The images were acquired using a DeltaVision OMX. 

See also Figure S5.
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linker of Cct6, which neither interferes with substrate binding nor 

folding.40,71 Taken together, our results demonstrate that TRiC 

directly controls the activity of RNAPII to achieve a normal tran

scriptional output that is important to achieve RNA homeostasis 

in the nucleus.

Expression of the TRiC substrate Htt disrupts RNAPII 

interaction and regulation

Our work supports a model in which the TRiC chaperonin regu

lates the general transcriptional activity of RNAPII. As TRiC is 

commonly recognized as a central molecular chaperone, we 

examined whether the TRiC:RNAPII association connects the 

proteostasis and transcription pathways. We exploited the 

known TRiC substrate Huntingtin protein (Htt) for this purpose. 

Htt is widely expressed and involved in a number of biological 

pathways including intracellular transport and autophagy.72

Significantly, expansion of a polyglutamine (polyQ) repeat within 

Htt correlates with the development of Huntington’s disease 

(HD).73 HD is a progressive and disabling neurodegenerative dis

order impacting the central nervous system of ∼1 in 10,000 peo

ple. Aggregation of the polyQ-expanded Htt correlates with 

altered gene programs and collapsed proteostasis.74,75 Whether 

these two phenomena might connect was previously not 

understood.

A B C

D

E F

Figure 6. TRiC directly regulates RNA polymerase activity 

(A) Using the standard 2-step tandem affinity pulldown assay RNAPII complexes were isolated from extracts prepared from TAP-RPB1 parental or TAP-RPB1 

cct1-2 yeast, resolved by SDS-PAGE, and the indicated RNAPII subunits were visualized using Sypro RUBY (Invitrogen). 

(B) RNAPII complexes were isolated using a 1-step TAP pulldown from extracts prepared from TAP-RPB1 parental or TAP-RPB1 cct1-2 yeast, resolved by SDS- 

PAGE, and the Rpb1 or TRiC subunits were visualized by immunoblot analysis using either an α-TAP or α-Cct1/3/6 (α-TRiC) antibody, respectively. 

(C) In vitro transcription reactions were performed using nuclear extract (NE) prepared from exponentially dividing WT or cct1-2 yeast exposed to 37◦C for 4 h, as 

marked. The cct1-2 NE was supplemented with purified, recombinant TRiC (5, 10, 25, 50, and 100 nM final), as indicated. The production of genic (downstream 

VAS1) or intergenic (upstream VAS1) RNA was detected by primer extension using select oligonucleotides. 

(D) Equal amounts of WT and cct1-2 NE (100 μg) were incubated with biotinylated-promoter DNA, washed, boiled in SDS sample buffer, resolved by SDS-PAGE, 

and the DNA-associated or NE TRiC was visualized by immunoblot analysis using an α-TRiC antibody. 

(E) Parental (WT) or cct1-2 yeast were heat treated for 2 h at 37◦C, and the cells were fractionated into whole cell extract (WCE), cytosolic (CYT), nuclear (NUC), 

nucleoplasm (NP), and chromatin (CHR). The relative levels of TRiC in each fraction were determined by immunoblot analysis using an α-TRiC antibody. α-Pgk1 

was used a control marker for the cytosol, and α-Rpb1 was the marker for the nucleus, as indicated. The relative levels of TRiC in a biological triplicate of the 

nuclear-associated fractions was determined, quantified, and graphed as mean ± SEM. Statistical analysis used Student’s t tests (p value < 0.05 cutoff) with n = 4 

for all quantifications with **0.001 < p < 0.01 and ****p < 0.0001. 

(F) Yeast expressing the Cct6 subunit as a CBP fusion in the parental (WT) or cct1-2 backgrounds were heat treated for 4 h at 37◦C, and TRiC was isolated using 

calmodulin beads. The relative levels of TRiC and the bound substrates tubulin, actin, and RNAPII were determined by immunoblot analysis using α-TRiC, 

α-tubulin, α-actin, and α-Rpb1 antibodies, as marked. 

See also Figure S6.
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We expressed the HD Htt variant Q103 in normal yeast cells as 

a GFP fusion (HttQ103-GFP). As a first step, we checked if the 

galactose-induced expression of HttQ103-GFP altered the 

steady-state levels of the RNAPII subunit Rpb1, TRiC subunits 

Cct1/3/6, and the cochaperone Sba1 and observed no signifi

cant changes (Figure 7A). In general, the HttQ103-GFP localized 

throughout the cells (Figure 7B). Pulldown experiments showed 

that Rpb1-TAP had a lowered interaction with TRiC and that 

HttQ103-GFP was associated with the chaperonin (Figures 7C 

and 7D). Significantly, the levels of steady-state RNA, both inter

genic and genic, declined following expression of HttQ103-GFP, 

as determined by reverse-transcription quantitative PCR (RT- 

qPCR) analysis of isolated RNA (Figure 7E). The genic RNA for 

DBF2 was an exception, which may reflect the biological role 

of Dbf2 since it encodes for a kinase that responds to both 

transcription and physiological stress.76 Minimally, our data 

demonstrate that expression of the HD variant and known 

TRiC substrate HttQ103 correlates with reduced TRiC RNAPII 

association and altered RNAPII activity.

DISCUSSION

A central feature of proteostasis is the recognition and manipu

lation of protein conformations by molecular chaperones to sup

port and regulate substrate form and function.77 Typically, the 

emphasis is on nascent polypeptide biogenesis and damaged 

protein triage. However, chaperones also regulate the activity 

of mature cellular proteins thereby conferring a mechanism for 

recurrent protein regulation.78,79 Here, we show that nuclear 

TRiC is required to modulate RNAPII activity, thereby maintain

ing a proper level of transcriptional output and balance RNA ho

meostasis. Although we do not delineate the structural mecha

nism by which TRiC controls RNAPII activity, our study shows 

that TRiC contributes to RNA homeostasis by modulating the 

output of RNAPII. As RNAPII is reiteratively used to produce 

RNA transcripts, cycling this enzyme complex through a central 

molecular chaperone (i.e., TRiC chaperonin) could link the pro

teostasis process to the production of RNA transcripts. Our 

data suggest that TRiC serves as an RNAPII rheostat, conferring 

a persistent regulatory influence based on chaperonin availabil

ity. Under conditions where TRiC activity is occupied with protein 

substrates, the production of RNAPII transcripts would 

decrease. For instance, when the folding process is overbur

dened because TRiC is heavily engaged supporting substrates 

including when cells are under physiological stress such as 

heat shock or aging. In our model, TRiC is a key determinant 

for balancing proteostasis and mRNA production.

Classically, the regulation of proteins by a chaperonin is 

thought to occur within the inner cavity of the 2 stacked rings 

forming the TRiC structure.1 As the size limitation of this 

folding chamber is ∼70 kDa, this raises an obvious concern 

on how TRiC might regulate the >500 kDa RNAPII complex. 

Yet, TRiC has been shown to facilitate the folding of proteins 

larger than 70 kDa including the ∼110 kDa spliceosome 

subunit Snu114 where TRiC partially encapsulates the 

carboxyl-domain of Snu114 to prompt its folding, while the 

amino-terminal domain is independent of TRiC.80 Hence, 

TRiC may regulate RNAPII as a folding substrate by engaging 

a protruding domain of a subunit of the assembled RNA poly

merase enzyme complex.

It was unexpected to find that the classic TRiC temperature- 

sensitive mutant cct1-2 stabilized the chaperonin to the 

RNAPII complex and fostered a heightened transcriptional 

output of polymerase (Figures 2, 5, and 7). How a prolonged 

TRiC-RNAPII interaction leads to an increased enzymatic activity 

of RNAPII is not clear. Likely, given that it involves a chaperonin, 

a conformational change of either the RNAPII complex or at least 

one of the subunits is involved. It will be pertinent for future work 

to unravel how this occurs. Perhaps of note, in bacteria, the loss 

of the omega subunit leads to a long-term association between 

bacterial RNAP and GroEL.39 Hence, the chaperonins may have 

evolved to regulate/support the conformational status of the 

RNA polymerase machinery. Notably, the presented work sug

gests TRiC has additional nuclear roles including in the regula

tion of epigenetic changes and the folding and/or stabilization 

of H2A.Z. Our study thus establishes TRiC as a regulator of nu

clear homeostasis.

Significantly, TRiC/CCT dysregulation has been linked to 

various ailments including numerous cancers, neurodegenerative 

diseases, myocardial infarction, and Down’s syndrome.81 It had 

been assumed that any malady manifesting from a TRiC defect 

would result in a protein health deficiency, yet our work opens 

the possibility that TRiC shortcomings might trigger transcrip

tome-related problems. Of note, recent advances have implicated 

noncoding RNA transcripts as cancer determinants.82 For 

example, downstream-of-gene (DoG) noncoding transcripts, 

which are a class of long noncoding RNAs (lncRNAs), contribute 

to carcinogenesis and correlate with patient survival.83,84 Through 

undefined mechanisms, DoG RNA levels increase in response to 

physiological stress including heat shock, osmotic stress, and 

viral infection.85–88 As all of these conditions can impinge upon 

TRiC activity,81 it is intriguing to consider whether the stress- 

related expression of DoG RNAs is TRiC dependent.

With the onset of genomic research, a myriad of noncoding 

transcripts, including promoter-associated pervasive RNAs 

and natural antisense transcripts (NATs), were found in organ

isms from bacteria to humans.89,90 In humans, ∼55% of all pro

moters fire bidirectionally with little bias in orientation and ∼40% 

of all ORFs are transcribed in both directions within a cell popu

lation.89 Despite the commonality of divergent RNAs, finding a 

connection to the TRiC chaperonin was unexpected. Nonethe

less, our open investigation into the nuclear roles of TRiC 

converged on its influence on RNAPII activity (Figures 2, 5, 

and 6). TRiC inactivation led to the accumulation of different 

steady-state noncoding RNAs including upstream transcripts 

consistent with pervasive bidirectional promoter firing, antisense 

RNAs within ORFs, and read through transcripts (Figures 2 and 

S1). A major contributing factor to the production of these non

coding RNAs is likely the increased RNAPII activity found in the 

absence of TRiC both in vivo and in vitro (Figures 5 and 6). Inter

estingly, the TRiC-dependent enhanced production of RNA from 

bidirectional promoter firing showed little orientation bias in vitro 

(Figure 6C). Yet in vivo only the noncoding RNA accumulated 

(Figures 2, 5B, and S1B), suggesting a mechanism to control 

the rise in protein coding RNAs. Minimally, the act of translating 

an mRNA is sufficient to destabilize a transcript91 or, perhaps, an 
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additional pathway exists to selectively reduce the levels of cod

ing RNAs to normal. No matter the destabilizing event, we sus

pect that the increased load of coding RNA is sufficient to satu

rate the RNA quality control machinery, thereby increasing the 

lifespan of the observed noncoding RNAs. Overall, our work 

identifies an important role for the TRiC chaperonin in the control 

of RNAPII activity in the nucleus to maintain RNA homeostasis.

Limitations of the study

This work supports a model in which the TRiC chaperonin con

tributes to RNA homeostasis by regulating the output of 

RNAPII. However, as our experiments cannot distinguish be

tween direct and indirect effects since, we did not incorporate 

purified components, the precise mechanism by which TRiC is 

controlling RNAPII activity remains to be determined.

RESOURCE AVAILABILITY

Lead contact

Requests for further information and resources should be directed to, and will 

be fulfilled by, the lead contact, Brian Freeman (bfree@illinois.edu).

Materials availability

This study did not generate new reagents. All stable reagents used in this study 

are available from the lead contact without restriction.

A B

C D

E

Figure 7. HttQ103 protein competes with RNAPII TRiC association and regulation 

(A) Expression of HttQ103-GFP does not influence TRiC or Rpb1 proteins. The relative levels of Rpb1-TAP (α-Rpb1), TRiC (α-CCT1/3/6), HttQ103-GFP (α-GFP), 

and the loading control Sba1 (α-Sba1) were determined by immunoblot using whole cell extracts prepared from cells expressing Rpb1-TAP and containing a 

galactose-regulated plasmid for HttQ103-GFP expression grown without (− ) or with (+) exposure to galactose (2%). 

(B) The cellular localization of HttQ103-GFP was checked by fluorescence microscopy of live cells grown in the absence (− ) or presence (+) of galactose by 

monitoring the GFP signal. 

(C) RNAPII was isolated using a 1-step TAP pulldown from extracts prepared from TAP-RPB1 yeast with the GAL1-HttQ103-GFP vector; products were resolved 

by SDS-PAGE, and the Rpb1 or TRiC subunits were visualized by immunoblot analysis using either an α-TAP or α-Cct1/3/6 (α-TRiC) antibody, as marked. 

Quantification of biological triplicate pulldowns is graphed as mean ± SEM. Statistical analysis used Student’s t tests (p value < 0.05 cutoff) with n = 4. 

(D) The interaction between TRiC and HttQ103-GFP was evaluated by immunoprecipitation using an α-GFP antibody. The presence of HttQ103-GFP or TRiC in 

the pulldown was determined by immunoblot using α-GFP, α-CCT1/3/6, or α-Sba1 (control), respectively. 

(E) The impact of HttQ103-GFP on RNA production was measured by RT-qPCR. Yeast containing the GAL HttQ103-GFP vector were grown in the absence or 

presence of galactose (2%); RNA was isolated, and the production of intergenic (red bars) or genic (blue bars) RNAs from the indicated gene loci was monitored 

by RT-qPCR using select primers and graphed as mean ± SEM. The levels of the ACT1 transcript were to normalize the reactions. Statistical analysis used 

Student’s t tests (p value < 0.05 cutoff) with n = 3 for all quantifications.
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Data and code availability

• All imaging and immunoblotting data have been deposited on Mendeley 

under the 10.17632/z9pd8p875f.2. All DNA-sequencing data have been 

deposited and are publicly available as of the date of publication. 

Accession numbers for the RNA-seq, DNaseI-seq, and 4tU-seq are 

GSE274453, GSE274454, and GSE274455, respectively.

• This paper does not report original code.

• Any additional information required to reanalyze the data reported in this 

paper is available from the lead contact upon request.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-TAP ThermoFisher Cat# CAB1001; RRID: AB_10709700

Anti-GFP Santa Cruz Cat# sc-8334; RRID: AB_641123

Anti-Rpb1 Santa Cruz Cat# sc-47701; RRID: AB_677353

Anti-Pgk1 Abcam Cat# ab113687; RRID: AB_2756444

Anti-CCT1/3/6 J. Frydman N/A

Anti-Actin Abcam Cat# AB170325; RRID: AB_2893492

Anti-Tubulin Developmental Studies Hybridoma Bank Cat# DSHB 4A1; RRID: AB_2732839

Anti-Sba1 Homemade N/A

IgG Sepharose GE Healthcare Cat# 17-0969-01; RRID: SCR_018374

Calmodulin Affinity Resin Agilent Technologies Cat# 214303-52

Anti-GFP agarose beads Santa Cruz Cat# sc-9996; RRID: AB_627695

Bacterial and virus strains

Rosetta(DE3) Novagen Cat# 70954-3

Chemicals, peptides, and recombinant proteins

Yeast nitrogen base without amino acids DIFCO Cat# 291940

D-(+)-Glucose ThermoFisher Cat# D16-1

Yeast amino acid dropout mix without histidine, 

leucine, tryptophan, and uracil

Millipore (Merck) Cat# Y2001

L-Histidine ThermoFisher Cat# 166151000

L-Tryptophan ThermoFisher Cat# A10230-22

L-Leucine ThermoFisher Cat# A12311-22

L-Uracil ThermoFisher Cat# 157301000

LB Broth Miller DIFCO Cat# 244520

Rapamycin GoldBio Cat# R-101

Galactose Fisher Scientific Cat# AC150611000

Phenol Sigma Aldrich CAS# 108-95-2

Chloroform Sigma Aldrich CAS# 67-66-3

Ficoll® 400 Sigma Aldrich CAS# 26873-85-8

4-thiouracil Sigma Aldrich CAS# 591-28-6

SYPRO Ruby Protein Gel Stain ThermoFisher Cat#S12000

BamHI New England BioLabs Cat# R3136L

BspEI New England BioLabs Cat# R0540L

SalI New England BioLabs Cat# R0138L

XhoI New England BioLabs Cat# R0146L

Critical commercial assays

Pierce BCA Assay Kit Fisher Scientific Cat# PI23223

Power SYBR Green RNA-to-CT 1-Step kit Applied Biosystems Cat# 4388869

In-Fusion Snap Assembly kit Takara Bio Cat# 638946

Q5 Site-Directed Mutagenesis Kit New England BioLabs Cat# E0554S

Deposited data

Imaging data Mendeley Data http://www.doi.org/10.17632/z9pd8p875f.2
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Immunoblot data Mendeley Data http://www.doi.org/10.17632/z9pd8p875f.2; 

GenBank: GSE274453, GSE274454, 

GSE274455875f.2

RNA-Seq This study GSE274453

DNaseI-Seq This study GSE274454

4tU-Seq This study GSE274455

Experimental models: Organisms/strains

W303 cct6Δ::HIS3 pAB-CCT6-CBP::LEU2 

(CCT6-CBP)

This study N/A

BY4741 cct2Δ::KanMX pAB-CCT2-GFP::LEU2 

(CCT2-GFP)

Gestaut et al.40 N/A

BY4741 cct6Δ::HIS3 pAB-CCT6-GFP::LEU2 

(CCT6-GFP)

Gestaut et al.40 N/A

BY4741 cct6Δ::HIS3 pAB-CCT6-GFP::LEU2 

Rpb3-mCh::hphMX (CCT6-GFP Rpb3-mCh)

This study N/A

CCT1 WT J. Frydman N/A

cct1-2 J. Frydman N/A

CCT1 WT Rpb1-TAP:: HIS3 This study N/A

cct1-2 Rpb1-TAP:: HIS3 This study N/A

CCT1 WT H2A.Z-TAP:: HIS3 This study N/A

cct1-2 H2A.Z-TAP:: HIS3 This study N/A

CCT1 WT htz1Δ:: KanMX This study N/A

cct1-2 htz1Δ:: KanMX This study N/A

CCT1 WT H2A.Z-FRB:: KanMX This study N/A

BY4741 CCT6-FRB::KanMX This study N/A

CCT4 WT J. Frydman N/A

cct4-1 J. Frydman N/A

Oligonucleotides

VAS1 GENE F (CGCTTTTATCAGTCCCAGGC) Integrated DNA technologies (IDT) N/A

VAS1 GENE R (GTCAACAGCTTCCTTGTCGG) Integrated DNA technologies (IDT) N/A

VAS1 IT F (AGTCATGCTACCTCTGAACGT) Integrated DNA technologies (IDT) N/A

VAS1 IT R (AACGATGACAGCCAGTGGTA) Integrated DNA technologies (IDT) N/A

DRN1 GENE F 

(GAGCCTTTCCAGTGGGAAAGAG)

Integrated DNA technologies (IDT) N/A

DRN1 GENE R 

(CGGGTTAGCTATCAAGTTGGGC)

Integrated DNA technologies (IDT) N/A

DRN1 IT F (CTCAGTTCACGGTAACGGTCC) Integrated DNA technologies (IDT) N/A

DRN1 IT R (CCTTCTAAGAGAGCTACCTTGCG) Integrated DNA technologies (IDT) N/A

DBF2 GENE F 

(GGCTATGGAATTTGTACCAGGC)

Integrated DNA technologies (IDT) N/A

DBF2 GENE R 

(GCTGGAAATTCCAGGTCCTTG)

Integrated DNA technologies (IDT) N/A

DBF2 IT F (CAAACACCACACGCTGCAACC) Integrated DNA technologies (IDT) N/A

DBF2 IT R (CTTGGACGAATTGCCTCCTTG) Integrated DNA technologies (IDT) N/A

PRP31 GENE F 

(CGAAATCATCCCCCTCATCAAG)

Integrated DNA technologies (IDT) N/A

PRP31 GENE R 

(CCTCGTTTTGATGTCCAATGGC)

Integrated DNA technologies (IDT) N/A

PRP31 IT F (GCAGCCGGCAGTTTACATAAAG) Integrated DNA technologies (IDT) N/A

PRP31 IT R (GCTTTATTCTGAGCGTCGCCAC) Integrated DNA technologies (IDT) N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Saccharomyces cerevisiae cultures were grown in complete (YPD) or minimal media supplemented with the required amino acids at 

30◦C unless otherwise noted. TAP-tagged variants were produced by standard recombinant methods by introducing the fusion tag 

into either parental (WT) or cct1-2 yeast.93 Yeast expressing the CCT subunits Cct2 and Cct6 as GFP fusions were obtained from 

Judith Frydman (Stanford University).40

METHOD DETAILS

Cell fractionation for size exclusion chromatography

Cell fractionation was performed using cells treated with 0.1% sodium azide to halt nuclear transport before spheroplasting.94 An 

aliquot was removed before lysis by Dounce homogenization representing the whole cell extract. Upon centrifugation, 5% of total 

cell amount was taken from the supernatant (Cytoplasmic fraction) which was concentrated using TCA (10%) precipitation. The pellet 

was resuspended in 8% PVP with 0.025% Triton X-100 in 20 mM potassium phosphate buffer pH 6.5, 1 mM MgCl2, 1 mM DTT and 

protease inhibitors and incubated on ice for 10 min. Nuclei were obtained by centrifugation at 10,000xg for 5 min. Cell fractionation 

was visualized via immunoblotting using rabbit anti-GFP (sc-8334), mouse anti-PGK1 (Invitrogen ab113687) and mouse anti-Pol II 

(CTD) (Santa Cruz sc-47701). Whole cell extract and nuclear fractions also were resolved by size exclusion chromatography using 

a Superdex-200 column (Cytiva). After passage of the void volume, 1 mL fractions were collected, precipitated with TCA (10% final), 

and the samples were analyzed by immunoblot using a rabbit anti-GFP (sc-8334).

RNA isolation and quantification

Total RNA was extracted using hot phenol extraction.95 RT-qPCR reactions were performed with the Power SYBR Green RNA-to-CT 

1-Step Kit according to the manufacturer’s instructions (Applied Biosystems).

RNA-seq

Total RNA was isolated from WT or cct1-2 yeast using Yeast RiboPure RNA purification kit (Ambion) from cells grown to log phase at 

30◦C and then shifted to 37◦C for 4 h. The libraries were prepared using TruSeq Stranded mRNA kit (Illumina) according to the man

ufacturer’s instructions, the samples were sequenced on an Illumina HiSeq2000 and processed with Casava 1.8.2. The trimmed 

reads were aligned to the sacCer3 reference genome (UCSC) with STAR and differences in gene expression were determined 

with GFold.43,96

DNase-seq

The DNase-Seq were performed using WT or cct1-2 yeast pellets collected from log rhythmically growing cells at 30◦C that were 

shifted to 37◦C for 4 h. The pellets were washed with 1 M sorbitol, 50 mM K-phosphate pH 6.5, 0.018% β-mercaptoethanol then 

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

SSA1_qPCR_F 

(GGTGACACCCATTTGGGTGGTG)

Integrated DNA technologies (IDT) N/A

SSA1_qPCR_R 

(CGGAAGTTTGAGCGGAGGAAGAC)

Integrated DNA technologies (IDT) N/A

ACT1_qPCR_F 

(AACGATGACAGCCAGTGGTA)

Integrated DNA technologies (IDT) N/A

ACT1_qPCR_R 

(GAAGGCTGGAACGTTGAAAG)

Integrated DNA technologies (IDT) N/A

Recombinant DNA

pAB-CCT2-GFP Gestaut et al.40 N/A

pAB-CCT6-GFP Gestaut et al.40 N/A

pAB-CCT6-CBP Gestaut et al.40 N/A

p406-GAL1-3xNES-GFP nanobody-CASQ This study N/A

p406-GAL1-3xNES-GFP nanobody-CASQ- 

GPD-mChER05

This study N/A

pESC-URA3 HttQ104-GFP J. Frydman N/A

Software and algorithms

Interval Identifier Gvozdenov et al.92 https://zenodo.org/records/7804010
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treated with zymolyase 20T until 50%–60% spheroplast formation was achieved. Spheroplasts were dounced in 18% Ficoll 400, 

20 mM K-phosphate pH 6.8, 1 mM CaCl2, 0.5 mM EDTA-NaOH pH 8, 3 mM DTT, 1 mM PMSF with protease inhibitors. Crude nuclei 

were collected at 13,000 rpm for 30 min and were digested with 2–5 U/ml of DNase I for 5 min at RT. The reaction was terminated by 

adding 500 μl Stop buffer (50 mM Tris-HCl pH 8, 100 mM NaCl, 0.1% SDS, 100 mM EDTA-NaOH pH 8, 1 mM spermidine, 0.3 mM 

spermine, 10 μg/μl ribonuclease A). 20 μg proteinase K was added to each sample and incubated overnight at 55 �C. The DHS frag

ments were isopropanol precipitated and reconstituted in 25 mM Tris pH 9. DNA was isolated, resolved on a 1% agarose gel, the 

DNAs in the size range of 100–650 bp were excised, DNA was isolated using a QIAprep Spin MiniPrep columns (QIAGEN), and 

sequenced on an Illumina HiSeq2000. Sequence reads were aligned to the sacCer3 reference genome (UCSC) using Bowtie 

(0.12.8), DNaseI hypersensitive sites were identified using hotspot (v4) and DNA footprints were identified using JASPAR.59,61,62,97,98

Histone tail post-translation modification mass spectrometry

Total histones were isolated from WT or cct1-2 yeast grown to log phase at 30◦C and shifted to 37◦C for 4 h using acid histone extrac

tion.99 Nuclei were prepared from the collected cells using Nuclei Isolation Buffer (15 mM Tris (pH 7.5), 60 mM KCl, 15 mM NaCl, 5 mM 

MgCl2, 1 mM CaCl2, 250 mM sucrose, 1 mM DTT, 2 mM sodium vanadate, 1x protease inhibitor mix, 10 mM sodium butyrate), as 

described. Following nuclei lysis, the extracts were precipitated with trichloroacetic acid, the pellets were resuspended in acetone 

supplemented with 0.1% HCl, and the isolated histones were sent for mass spectrometry analysis (IMSERC, Northwestern 

University).

tU-seq and RNA half-life calculations

The 4tU-Seq and RNA half-life calculations were performed using a 4tU-Seq protocol.92 Briefly, WT or cct1-2 yeast were grown to log 

phase at 30◦C, shifted to 37◦C for 4 h, treated with either 4-thiouracil (4tU, Sigma Aldrich; 5 mM final) or DMSO for 5 min. Spike-in 

control cells, untreated S. cerevisiae or K. lactis cells treated with 4tU for 5 min, were added to the sample before RNA extraction. 

Following poly(A) RNA enrichment, fragmentation, and repair, the RNA was biotinylated with activated disulfide methane thiosulfo

nate (MTS) biotin (Biotium Biotin-XX MTSEA). Biotinylated RNA was collected using glycogen blocked MyOne Streptavidin C1 Dy

nabeads (Invitrogen). Following sequencing, the duplicate reads were removed, and spike-in normalized nucleotide coverages were 

used to subtract background from the 4tU samples to obtain active transcription measurements. RNA half-life calculations were 

determined using the combined RNA-Seq and 4tU-Seq values.65,67 Briefly, the unitless constant of RNA half-life was estimated 

from the number of transcripts (RNA-Seq) divided by the production of new mRNA (4tU-Seq), with RNA-Seq and 4tU-Seq expressed 

as transcripts per million (TPMs).

Chromatin immunoprecipitation assay

Chromatin immunoprecipitations were performed with WT or cct1-2 yeast expressing the protein of interest as a TAP-tagged fusion 

were grown to log phase at 30◦C, shifted to 37◦C for 4 h and fixed with 1% formaldehyde for 15 min at RT followed by quenching with 

2.5 M glycine for 15 min.60,100 Cells were lysed in FA lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1 mM EDTA pH 8, 1% TritonX- 

100, 0.1 % Na-deoxycholate, 0.1% SDS and 2 mM PMSF) by bead beating for 37 min. Fixed chromatin was collected and sheared by 

sonication to ∼500 bp and incubated with IgG Sepharose beads (GE Healthcare) for 2 h at 22◦C. Beads were then washed with FA 

lysis buffer with 500 mM NaCl, ChIP Wash buffer (10 mM Tris-HCl pH 8, 250 mM LiCl, 1 mM EDTA pH 8, 0.5% NP-40, 0.5% Na-de

oxycholate) and DNA was eluted with ChIP Elution Buffer (50 mM Tris-HCl pH 8, 10 mM EDTA pH 8, 1% SDS) and incubated with 20 μl 

of 20 mg/ml proteinase K at 65 ◦C overnight. DNA was isolated using QIAprep Spin Miniprep columns (Qiagen) and analyzed by qPCR 

using primers as indicated. qPCR values were normalized relative to the control site ACT1.

Anchor-away and GFP-nanobody nuclear-depletion assays

To conditionally deplete yeast nuclei of the H2A.Z histone, we used a standard anchor away tactic.58,101 Briefly, the endogenous 

H2A.Z encoding gene (HTZ1) was engineered to express the protein as a carboxyl-terminal FRB fusion in a yeast background of 

fpr1Δtor1-1 (VDY1874).102 Rapamycin (1 μg/ml final) addition was used to trigger nuclear depletion or with ethanol addition as a con

trol. To conditionally deplete yeast nuclei of TRiC, we exploited the strains expressing the Cct2 or Cct6 subunits as GFP fusions along 

with the inducible expression (GAL1p) of a GFP nanobody with nuclear export signal (NES). Transformants were grown in selective 

minimal media supplemented with raffinose (2%) to early log phase, galactose was added (2% final), and GFP signal was monitored 

by immunofluorescence.

TRiC protein purification

The TRiC complex was purified as previously High Five insect cells expressing His-tagged TRiC with GFP-Cct1 were collected and 

lysed by Dounce homogenization.40 The TRiC complex was captured by affinity purification using nickel resin. The TRiC complex was 

sequentially passaged over a heparin column, Mono Q ion exchange column, and Superose 6 size exclusion column. TRiC containing 

fractions were pooled, concentrated, and snap-frozen in liquid nitrogen.
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Nuclear extract preparation

Functional nuclear extracts were prepared as described on the Hahn laboratory website (https://research.fredhutch.org/hahn/en/ 

methods.html), with modifications.103 Briefly, parental or cct1-2 yeast grown at 37◦C for 4 h were collected for spheroplasting 

and lysis by Dounce homogenization. The crude nuclei were lysed using 0.5 M ammonium sulfate and clarified using a SW55Ti rotor 

at 34100 rpm for 50 min at 4◦C. Extracts were then clarified using a SW55Ti rotor at 12200 rpm for 15 min at 4 ◦C. The resulting pellet 

was resuspended and dialyzed with 3 changes of Buffer C (500 mL) supplemented with 75 mM ammonium sulfate for a total of 4.5 h. 

Protein concentration of the nuclear extracts were determined using the BCA assay and stored in aliquots for in vitro transcription.

In vitro transcription assay

The VAS1 (+100 to -50) DNA template for the in vitro transcription reactions was amplified from genomic DNA isolated from wild type 

yeast using an upstream primer with a biotin-labeled to allow immobilization on streptavidin metal beads. The in vitro transcription 

reactions contained immobilized template (100 ng of each template) and nuclear extracts (100 μg) prepared from either wild type (WT) 

or cct1-2 yeast grown to log phase, shifted to 37◦C for 4 h, and then collected. The cell pellets were used to prepare nuclear extracts 

as described above. RNA transcripts were detected using standard primer extension reactions and radiolabeled primers designed to 

detect the upstream (aberrant) or downstream (coding) transcripts.104

Template pull-down

To assess TRiC binding to the DRN1-VAS1 DNA template, 500 μg of nuclear extracts were incubated with 3–4 μg of immobilized 

template in transcription buffer mix (100mM potassium acetate pH 7.6, 20 mM HEPES pH 7.6, 1 mM EDTA, 5 mM MgOAc, 2 μg cre

atine phosphokinase, 2 mg phospho creatine, 0.3 mM ATP) to a final volume of 200 μl for 15 min at room temperature. The beads were 

then washed thrice with transcription buffer mix before boiling in Laemmli buffer for immunoblotting.

Purification of TAP-tagged Proteins and CBP-tagged CCT complexes

TAP-tagged proteins were purified from frozen yeast pellets collected from 3 L of culture. Pellets were ground with dry ice in a coffee 

grinder and added to 10 ml of E buffer (20 mM HEPES ⋅ KOH pH 7.5, 350 mM NaCl, 0.1% Tween 20, 10% glycerol, 1 mM DTT, 1xPI). 

After clarification at 17,000 rpm for 15 min at 4◦C, lysates were incubated with 400 μl of washed IgG Sepharose affinity resin (Cytiva) 

for 3 h at 4◦C. Beads were then collected and washed twice with 10 ml E buffer in Poly-Prep Chromatography Columns (BioRad) and 

underwent overnight TEV cleavage in 5 ml of E buffer with 5 μl of TEV protease (NEB) at 4◦C. For 2-step purifications, the elute was 

supplemented with CaCl2 to a final concentration of 2 mM and was incubated with 300 μl calmodulin affinity resin (Agilent) for 3 h at 

4◦C. Calmodulin beads were washed twice before elution with 10 mM EGTA for 5 minutes at room temperature. Both 1-step and 

2-step purified proteins were concentrated with 10 kDa Amicon Ultra-4 Centrifugal Filter units (Millipore).

CBP-tagged CCT complexes were purified from strains containing the plasmid encoding CCT6-CBP. Briefly, frozen cell pellets 

from 3 L of culture were ground with dry ice and recovered using 10 ml buffer A (200 mM NaCl, 50 mM HEPES ⋅ KCl pH 7.4, 

5 mM CaCl2, 20% glycerol, 1xPI). The lysate was clarified at 17,000 rpm for 30 min at 4�C before incubating with 300 μl of washed 

calmodulin affinity resin (Agilent) for 3 hours at 4 ◦C. The beads were then washed with 20 ml buffer A and 20 ml buffer B (500 mM 

NaCl, 50 mM HEPES ⋅ KCl pH 7.4, 2 mM CaCl2, 20% glycerol). The sample was eluted with 2 ml elution buffer (100 mM NaCl, 50 mM 

HEPES ⋅ KCl pH 7.4, 10 mM EDTA pH 8, 10% glycerol, 1xPI) and concentrated.

Microscopy

Live cell microscopy of Cct2-GFP and Cct6-GFP was carried out on a Zeiss LSM900 confocal laser scanning microscope equipped 

with an Airyscan 2 detection unit.105 5 μm z-stacks were collected at intervals of 0.14 μm. Imaging was performed with a 63x/1.4 NA 

oil immersion objective using Immersol 518-F immersion media (Carl Zeiss) and processed in Fiji. Live cell GFP-nanobody depletion 

images were acquired with a DeltaVision OMX microscope (GE Healthcare). Imaging was performed with a 100x/1.4 NA oil immersion 

objective. Z-stack slices (0.5 μM) were captured and image processing was done in Fiji. Colocalization analysis for CCT2/6-GFP 

Rpb3-mCh strains (± Gal) were done using Fiji. For a selected cell, the FITC and A568-mCh channels were split. The outline of 

the nucleus is manually defined as a Region of Interest (ROI) using the Rpb3-mCh image (A568-mCh channel). Colocalization be

tween the CCT2/6-GFP and Rpb3-mCh signal within the nuclear ROI specified was determined using the ImageJ plugin Colocaliza

tion Threshold. For the NES-GFP-nanobody depletion analysis the outline of the nucleus and the whole cell were manually defined as 

Regions of Interest (ROIs) using the mCh-ER05 (Pho88 variant) image (A568-mCh channel). These outlines were superimposed on 

the CCT2/6-GFP images (FITC channel) and the integrated density (IntDen) within these regions was calculated using the ImageJ 

plugin Measure. The proportion of nuclear signal for each strain at the timepoints 0, 6, 12, and 24 h was measured by dividing the 

IntDen value of the nuclear region by that of the whole cell region. The mean nuclear signal for the 0 h timepoint was then converted 

to 100%, with all other values being scaled up accordingly.

Cell viability spot-test

A standard yeast spot-test assay was used to test cell viability by growing cells to mid-log phase, collecting by centrifugation, and 

resuspending in water to O.D.595 = 1. Cells were serially diluted in water and spotted (10 μl) on to the described media.
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Immunoblot figure generation

All immunoblots were visualized using an Invitrogen iBright CL1000, analyzed using NIH ImageJ, for Figures 1B, 1C, 6E, 7A, and S5A 

the shown data was cropped from the original image using Microsoft PowerPoint, all other images were cropped using NIH ImageJ, 

and all final figures were composed in Microsoft PowerPoint.

QUANTIFICATION AND STATISTICAL ANALYSIS

All qRT-PCR and immunoblotting experiments were performed for n (n ≥ 3) biological replicates. The data points obtained from the n 

replicates were plotted as bar graphs or scatter plots, where the center is the mean of all measured replicates, and the error bars 

represent the standard error of mean (SEM) of the data set. For each experiment, the exact value of n, as well as the specific details 

used to create the representative graph have been detailed in the respective figure legend. Statistical analysis was performed in 

GraphPad Prism 8.0.2, using unpaired student’s t-tests (p-value < 0.05 cutoff) for all quantifications. Statistical significance was 

calculated using a p-value cutoff of 0.05, and represented as follows: * = 0.01 < p < 0.05, ** = 0.001 < p < 0.01 and **** = p < 0.0001.
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