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Abstract

Mammalian cells make the decision to divide at the G1/S transition in response to diverse signals
impinging on the retinoblastoma protein Rb, a cell cycle inhibitor and tumor suppressor. Rb is
inhibited by two parallel pathways. In the canonical pathway, cyclin D-Cdk4/6 kinase complexes
phosphorylate and inactivate Rb. In the second, recently discovered pathway, Rb’s concentration
decreases during G1 through an unknown mechanism. Here, we found that regulated protein
degradation via the E3 ubiquitin ligase UBRS is responsible for Rb’s concentration drop in G1.
UBRS5 knockout cells have increased Rb concentration in early G1, exhibited a lower G1/S
transition rate, and are more sensitive to inhibition of Cdk4/6. This last observation suggests that
UBRS inhibition can strengthen the efficacy of Cdk4/6 inhibitor-based cancer therapies.

One-Sentence Summary: The E3 ligase UBRS progressively reduces the concentration of the
retinoblastoma protein Rb during G1 to drive proliferation.
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Main Text

The decision to divide often takes place in the G1 phase of the cell cycle and occurs in response
to diverse input signals. Once taken, the decision to initiate DNA replication and divide is
difficult to reverse despite changes to the input signals (/, 2). From a molecular point of view,
the commitment point at the G1/S transition in response to growth signals corresponds to the
hyper-phosphorylation and inactivation of the transcriptional inhibitor Rb, the retinoblastoma
protein (I, 3, 4). Hyper-phosphorylation of Rb frees the activating E2F transcription factors to
drive expression of the cyclins E and A, which mostly form complexes with the cyclin-
dependent kinase Cdk2. Active cyclin E/A-Cdk2 complexes then maintain Rb hyper-
phosphorylation so that E2F-dependent transcription remains active (5). While the molecular
basis of the commitment point to cell division is increasingly well understood, we know much
less about how the upstream growth and differentiation input signals transmit quantitative
information to the decision point.

Activating signals promoting the G1/S transition operate through at least two parallel pathways.
First, growth factors initiate signals that increase the expression of cyclin D (6), which primarily
forms a complex with the cyclin-dependent kinases Cdk4 and Cdk6 (7). Cyclin D-Cdk4/6
complexes then initiate the phosphorylation of Rb, possibly through hypo- or mono-
phosphorylation (8, 9), to promote the G1/S transition. A second parallel activating signal
operates through the concentration of Rb itself, which we recently found to decrease as cells
grow through G1 (10, 11). Thus, the current model is that these two mechanisms cooperate to
activate E2F-dependent transcription and initiate the cell cycle. Namely, cyclin D-dependent Rb
hypo-phosphorylation shifts the dissociation constant (K4) of Rb with E2F so that the decreasing
Rb concentration can drop below Ky to release active E2F. Following the G1/S transition, Rb’s
concentration increases during S/G2/M to reset for the next cell cycle. Although several
molecular mechanisms underlying cyclin D synthesis and Rb phosphorylation by cyclin D-
Cdk4/6 have been elucidated (8, 12), the molecular mechanism underlying the decrease in Rb
concentration through G1 is unknown.

Here, we sought to determine the molecular mechanisms underlying Rb’s concentration decrease
through G1 (Fig. 1A), an important signal triggering the G1/S transition. We found that Rb is
targeted for degradation in G1 by the E3 ligase UBRS. At the G1/S transition, Rb is stabilized by
hyper-phosphorylation so that its concentration recovers for the next G1 phase. Disruption of this
G1 Rb degradation mechanism decreases the G1/S transition rate and sensitizes cells to chemical
inhibition of the parallel pathway based on Cdk4/6 activity.

Rb concentration dynamics are regulated by degradation
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During early- to mid-G1 phase, the concentration of Rb protein continuously decreases to
promote cell cycle entry (/0)(Fig. 1B, Fig. S1A). Then, in late G1, the Rb concentration begins
its recovery back to the initial concentration. This transition point in mid/late-G1 is marked by an
increase in Cdk activity as assessed by the nuclear translocation of an HDHB-based sensor (/,
13). These dynamics are relatively unique, as the concentrations of other G1/S pathway
components remain constant throughout G1 phase (10, 11). Moreover, a proteomics analysis
revealed that Rb concentration changes far exceed those of a typical protein through the cell
cycle (/4). The dilution of Rb in G1 is an important input to the decision to divide as the Rb
concentration is anti-correlated with the G1/S transition rate (/0), and increasing the overall Rb
concentration sensitizes cells to treatment by Cdk4/6 inhibitors (Fig. 1C, Fig. S1B).

To identify the mechanism regulating Rb concentration dynamics through the cell cycle, we
examined both the synthesis and degradation of Rb protein in different cell cycle phases. We
measured the mRNA concentration of RB/ in different cell cycle phases by using flow cytometry
to sort HMEC (telomerase-immortalized human mammary epithelial) cells expressing FUCCI
(15) cell cycle reporters into G1 and S/G2 populations. We then performed gPCR or mRNA-Seq
to measure RBI/ mRNA expression. The results showed that the RB/ mRNA concentration did
not significantly increase in S/G2 phase (Fig. 1D, Fig. S1C). We found a similar result when
calculating RB1 mRNA concentrations in different cell cycle phases using a published
MERFISH dataset (/6) (Fig. S1D). This indicates that Rb concentration dynamics are controlled
by post-transcriptional mechanisms. To further investigate the synthesis dynamics of Rb protein,
we measured the translation efficiency of RB/ mRNA by performing a RIP (RNA-binding
protein immunoprecipitation) assay against the translation initiation factor eIF4E. The relative
translation efficiency is calculated by dividing the bound fraction of RB/ with the bound fraction
of housekeeping genes (Actin and GAPDH). Using this method, we found the relative translation
efficiency of RB/ was similar in sorted G1 and S/G2 cells as well as in asynchronously dividing
and G1 arrested cells (Palbociclib treatment) (Fig. 1E, Fig. S1E). Taken together, our data
indicate that Rb synthesis is not primarily responsible for its cell cycle dynamics.

Having found that Rb’s cell cycle dynamics were not primarily due to transcription or translation
mechanisms, we next sought to test if degradation mechanisms were responsible. To do this, we
utilized a doxycyclin (Dox)-inducible system in which cells conditionally express Clover-
3xFlag-tagged Rb (TRE-Clover-3xFlag-Rb) or Clover-NLS (TRE-Clover-NLS) upon Dox
treatment (1pg/mL). After 36h of Dox treatment, we withdrew Dox and monitored the decrease
of the Clover fluorescence signal using live cell imaging (Fig. S1F). Since the cells also express
a FUCCI cell cycle marker, we can separately assess protein degradation taking place in G1 and
S/G2 phases of the cell cycle (Fig. 1F, Fig. S1F). By fitting the degradation traces using a simple
exponential decay function, we obtained the half-life of Clover-3xFlag-Rb protein in different
cell cycle phases for each cell. Rb half-life in early G1 (median 6.4h; 75% range 5.3h-9.4h) is
significantly shorter than it is in S/G2 (median 37.3h, 75% range 29.2h-45.4h) (Fig. 1F). The Rb
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103  tag location does not affect its half-life since a C-terminally tagged Rb protein (Rb-3xFlag-

104  Clover) behaved similarly to the N-terminally tagged version (Fig. 1G). The changing Rb

105  stability through the cell cycle was specific to Rb since a short-lived Clover-NLS protein and
106  stable Clover-NLS protein both had half-lives that did not change through the cell cycle (Fig.
107  1G; Fig. S1G, H). Thus, these results suggest a model where the Rb protein’s cell cycle

108  dynamics are due to its degradation in G1 and stabilization at the G1/S transition.

109

110  Having established that the regulation of Rb stability is most likely responsible for its cell cycle
111 dynamics, we sought to test if this differential degradation of Rb is sufficient to give rise to the
112  observed dynamics. To do this, we generated a mathematical model where only the half-life of
113  the Rb protein changed through the cell cycle, while the synthesis rate remained constant (see
114  methods). This simple model revealed that regulated degradation was sufficient to generate the
115  cell-cycle dependent Rb concentration dynamics we observed, while the modest upregulation in
116  the synthesis rate was insufficient (Fig. 1H). Thus, our findings imply that cell cycle-dependent
117  regulation of Rb stability is responsible for its cell cycle dynamics (Fig. 11).

118

119  Rb is stabilized via phosphorylation by Cdk

120

121  Having found that Rb is stabilized at the G1/S transition, we next sought to identify the

122  molecular mechanism. One of the most prominent molecular changes occurring at the G1/S

123  transition is the phosphorylation of Rb by cyclin-Cdk complexes. We therefore sought to

124  examine how Rb phosphorylation affected its half-life. To do this, we first stained asynchronous
125  HMEC cells with phospho-Rb (S807/811) and total Rb antibodies. We then calculated the Rb
126  concentration in the low phospho-Rb G1 population (low pRb G1), the high phospho-Rb G1
127  population (high pRb G1), and the S/G2 population. The Rb concentration is lower in early G1
128  when it is not hyper-phosphorylated and then begins to recover in late G1, when Rb is

129  phosphorylated (Fig. 2A). Similar results were obtained when G1 was partitioned into early and
130 late phases using a live-cell Cdk activity sensor based on the C-terminal part of Rb (/7) (Fig.
131 S2A). These immunofluorescence data support the model where the Rb concentration decrease
132 in G1 phase is reversed upon its phosphorylation. Consistently, when cells are arrested in G1 by
133  treating them with the Cdk4/6 inhibitor Palbociclib (1uM) for 24 hours, the Rb protein

134  concentration drops by ~75% (Fig. 2B) even though the mRNA concentration is only reduced by
135  ~15% (Fig. S2B). This is consistent with published results showing significant Rb protein drops
136  when cells are exposed to Cdk4/6 inhibitors(/8). Furthermore, in cells expressing a Dox-

137  inducible Clover-3xFlag-Rb protein, Palbociclib treatment led to a significant decrease in the
138  concentration of this ectopically expressed protein but not the corresponding mRNA (Fig. S2C).
139  Taken together, these data suggest that the phosphorylation of Rb by Cdk mediates its

140  stabilization.

141
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142  To further investigate how Rb phosphorylation on different Cdk phosphorylation sites affect its
143  half-life, we used the Dox-inducible system to express a series of Rb variants in which the Cdk
144  phosphorylation sites were either substituted with non-phosphorylatable alanines or with

145  phospho-mimetic double glutamic acid residues (EE) (/9) (Fig. S2D). For both mutant series, we
146  extended the number of mutant sites from either the N- or C-terminus so that different mutants
147  covered different parts of the protein (Fig. S2D). If Cdk phosphorylation stabilizes Rb, then the
148  phospho-mutants (S/T to A) should exhibit a reduced half-life in S/G2, and the phospho-mimetic
149  mutants (S/TP to EE) should exhibit increased half-life in early G1. Our results are consistent
150  with this hypothesis (Fig. 2C, D; Fig. S2E, F). It is worth noting that the C-terminal alanine-

151  mutants also had a more severe cell cycle arrest phenotype (Fig. S3A). This is likely because the
152  alanine mutants do not allow the phosphorylation of C-terminal residues to disrupt Rb’s

153  interaction with E2F-DP (12, 17, 20, 21). On the other hand, the phospho-mimetic mutants did
154  not demonstrate significant cell cycle defects (Fig. S3B), likely because these Rb mutants are
155  partially or entirely unable to bind and inhibit E2F. In addition, the introduction of phospho-

156  mimetic mutations resulted in a smaller Rb concentration decrease in cells arrested in G1 using
157  Palbociclib (Fig. S2C; Fig. S3C, D).

158

159  Interestingly, our mutational analysis did not reveal any particular phosphorylation sites that

160  predominantly regulated Rb’s half-life (Fig. 2E, F; Fig. S2F; Fig. S3C, D). Instead, the degree of
161  Rb stabilization — i.e., the ratio between early G1 and S/G2 half-lives — correlated with the total
162  number of phospho-mimetic sites. This shows that many different phosphorylation sites

163  contribute to Rb stability. We note that Rb14EE exhibited reduced half-lives for both early G1
164  and S/G2 phases, which is likely due to the additional SP230EE mutation destabilizing the

165  protein via another mechanism. However, the difference between early G1 and S/G2 half-lives in
166  RDI4EE is the smallest (Fig. S2F). Collectively, these results support the hypothesis that hyper-
167  phosphorylation by Cdk stabilizes Rb in late G1 (Fig. 2G).

168

169  The degradation of un-phosphorylated Rb is mediated by the E3 ubiquitin ligase UBRS
170

171 After establishing that Rb is stabilized by phosphorylation at the G1/S transition, we next sought
172 to identify the underlying molecular mechanism. To do this, we first tested whether Rb is

173 degraded through the ubiquitin-proteasome system by treating cells with three commonly used
174  inhibitors of different components of this degradation system: Bortezomib inhibits the

175  proteasome; TAK243 inhibits the ubiquitin activating enzyme (E1); and MLN4924 inhibits the
176  NEDDS-activating enzyme that activates the Cullin (CUL)-RING E3 ubiquitin ligases (22, 23).
177  We treated asynchronously growing HMEC cells with these inhibitors for 5 hours, and then

178  immunostained the cells using antibodies for pRb(S807/811) and total Rb. TAK243 and

179  Bortezomib treatments increased the Rb concentration in the low pRb G1 populations to a level
180  similar to that in the high pRb G1 population, but MLN4924 did not (Fig. 3A, Fig. S4A). RPE-1
181  cells (telomerase immortalized retinal pigment epithelium cells) behaved similarly to HMEC
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182  cells in that only TAK243 and Bortezomib treatments increased the Rb concentration in the low
183  pRb G1 population (Fig. S4B). To further confirm that the phosphorylation status determines Rb
184  degradation through the ubiquitin-proteasome system, we treated cells that were induced to

185  express un-phosphorylatable Rb (Clover-3xFlag-RbACDK) or phospho-mimetic Rb (Clover-
186  3xFlag-Rbl14EE) with the three degradation inhibitors discussed above. The concentration of
187  RDLACDK is elevated by TAK243 and Bortezomib, but not MLN4924, and the concentration of
188  RDbI4EE does not increase following treatment by any of the three inhibitors (Fig. 3B). We also
189  confirmed the enhanced ubiquitination of RbACDK by pulling down Clover-3xFlag-RbACDK
190  and blotting for ubiquitin. RbACDK was more ubiquitinated than WT Rb (Fig. S4C). Altogether,
191  these data suggest that un-phosphorylated Rb is degraded in G1 through the ubiquitin-

192  proteasome system, but not by the Cullin (CUL)-RING E3 ligases.

193

194  There have been several previous studies of Rb degradation mechanisms that have identified
195  some E3 ligases (/8, 24-31). For example, MDM2 may mediate Rb degradation via its central
196  acidic domain (24, 25, 29). The human papilloma virus (HPV) E7 protein can bind Rb and

197  induce its degradation (28), which is mediated by protease cleavage at Lys810 (26). More

198  recently, Cdk4/6 inhibition was found to promote Rb degradation through BTrCP1-mediated
199  ubiquitination (/8). To test if these E3 ligases were responsible for the observed cell cycle

200  dynamics of Rb, we examined the effect of knocking them down on the concentration of un-
201  phosphorylatable Rb (Clover-3xFlag-RbACDK) and phospho-mimetic Rb (Clover-3xFlag-

202 RbI4EE). If an E3 were responsible for Rb’s cell cycle dynamics, we would expect to see an
203 increase in the concentration of Clover-3xFlag-RbACDK but not of Clover-3xFlag-Rb14EE.
204  None of the knockdowns exhibited this predicted phenotype (Fig. SSA). Even through some of
205  the knockdowns affected the overall Rb concentration, this effect was not specific for

206  unphosphorylated Rb and therefore could not explain Rb’s cell cycle dynamics. Similarly, we
207  performed the same set of knockdowns in cells arrested in G1 using Palbociclib and did not find
208 any specific increase in the concentrations of un- or hypo-phosphorylated Rb (Fig. S5B-G). This
209  implies that there must be some additional E3 ligase responsible for the phosphorylation-

210  dependent degradation of Rb.

211

212 To identify the E3 ligases mediating the degradation of un-phosphorylated Rb, we set up an
213  siRNA screen. We used a customized siRNA library that included the previously published E3
214 ligases for Rb, some nuclear localized E3s (according to UniProt), and some additional genes
215  predicted to be E3 ligases for Rb (http://ubibrowser.bio-it.cn/ubibrowser v3/) (Fig. 3C). HMEC
216  cells inducibly expressing Clover-3xFlag-RbACDK or Clover-3xFlag-Rb14EE were transfected
217  with the siRNA library. 48 hours later, cells were fixed and imaged. The concentration of

218  Clover-3xFlag-Rb variants was measured in each treatment and its fold change over non-

219 transfected cells was calculated. As positive controls, we included the ubiquitin-proteasome

220  system inhibitors TAK243 and Bortezomib. As expected, TAK243 and Bortezomib only

221  increased the concentration of RbDACDK but not Rb14EE (Fig. 3D; Fig. S6A, B). From this
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222  screen, we only identified UBRS as specifically targeting unphosphorylated Rb for degradation.
223  UBRS is a verified E3 ubiquitin ligase belonging to the HECT family known to play roles in
224  transcription and the DNA damage response (32-33) (Fig. 3D; Fig. S6A, B). However, Rb has
225  never been reported to be a substrate of UBRS.

226

227  To confirm that UBRS is the main E3 ligase targeting un-phosphorylated Rb, we first performed
228  another siRNA screen with a different siRNA library containing UBRS and 16 other E3 genes
229  from the first library as well as the rest of the nuclear localized E3 genes not included in the first
230  screen. We also included several E1 and E2 genes (Fig. 3C). This second siRNA screen also only
231  identified UBRS (Fig. 3D; Fig. S6B-D). We then validated UBRS as a hit using another two
232  independent siRNAs against UBRS. Knockdown of UBRS in HMEC cells led to the

233  accumulation of un/hypo-phosphorylated Rb after Palbociclib treatment, as measured by both
234  immunoblot and immunostaining (Fig. 3E-G; Fig. S7TA). We also measured the half-life of Rb
235  following UBRS knockdown using live-cell imaging and found that Rb was degraded about

236  twice as slowly in early G1, but not in S/G2, as compared to the control siRNA (Fig. 3H).

237  Moreover, we examined the effect of knocking down UBRS on HMEC cells expressing

238  endogenously tagged Rb (RB1-3xFLAG-Clover-sfGFP)(10). Following UBRS5 knockdown, the
239  concentration of Rb does not decrease in early G1, but is instead kept relatively constant (Fig.
240  S7B). To further confirm that the degradation of un-phosphorylated Rb by UBRS is not cell line
241 or cell type specific, we also examined epithelial RPE-1 cells as well as HLF (primary human
242  lung fibroblast) and T98G (glioblastoma-derived fibroblast-like) cells. All of them showed that
243  UBRS knockdown increased concentrations of un- and hypo-phosphorylated Rb in Palbociclib-
244  treated cells (Fig. S7TC-E).

245

246  To test if UBRS mediated Rb degradation in vivo, we examined its effect in the mouse liver

247  using the Fah-/- system(36, 37). In the Fah-/- system, deletion of the Fah gene causes toxin

248  accumulation in hepatocytes that will lead to hepatocyte death. Toxin accumulation can be

249  prevented by treating mice with NTBC (2-(2-nitro-4-trifluoromethylbenzoyl)-1,3-

250  cyclohexanedione)(37). When NTBC is withdrawn, cells expressing exogenous Fah, introduced
251 by injecting Fah+ transposons, will clonally expand to repopulate the injured liver (37) (Fig. 3I).
252  Importantly, other genetic elements, such as Cas9 and gRNA, can be added to the Fah

253  transposon so that they are co-integrated into some hepatocyte genomes. To knock out Ubr5 in
254  some hepatocytes, we modified an Fah transposon plasmid (38) and delivered Fah-P2A4-Cas9-
255  sgUbr5 or Fah-P2A4-Cas9-sgNT (non-targeting) transposons and the SB100 transposase into
256  Fah—/— mice via hydrodynamic transfection. 8 weeks after injection, when the liver was almost
257  fully repopulated with Fah+ cells, we isolated the hepatocytes, plated them, and performed

258 immunostaining or immunoblots (Fig. 31). Consistent with the results from human cell lines,
259  knocking out Ubr5 increased Rb concentrations in mouse hepatocytes where Rb was not hyper-
260 phosphorylated (low pRb) (Fig. 3J, Fig. S7F). The results from Fah-/- in vivo model further
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261  supports our conclusion that the E3 ligase UBRS targets un-phosphorylated Rb for degradation
262 in G1 (Fig. 3K).

263

264  Our results here give insight into why previous studies reported other E3s targeting Rb. First, any
265 E3 whose knockdown results in a cell cycle phenotype would be predicted to have an effect on
266  Rb concentration. Second, after finding Rb dynamics were driven by the degradation of un- or
267  hypo-phosphorylated Rb in G1 phase, we sought to find E3s that specifically targeted the un-
268  phosphorylatable RbDACDK protein, but not the phospho-mimetic Rb14EE protein. We did find a
269  significant increase in both RbACDK and Rb14EE when the E3 MDM2 was knocked down, and
270  possibly very modest effects when other reported E3s were knocked down (Fig. S5A; Fig. S6A).
271 This suggests that these different E3s operate in different cell types or contexts, but are not

272  responsible for Rb’s cell cycle dynamics.

273

274  UBRS and Cdk4/6 drive parallel pathways promoting the G1/S transition

275

276 It is becoming increasingly clear that there are two distinct pathways driving the G1/S transition
277  that both operate through Rb. First, the canonical Cdk-phosphorylation pathway through which
278  cyclin D-Cdk4/6 complexes phosphorylate and inhibit Rb, and second, the Rb-degradation

279  pathway that drives down the concentration of Rb in G1 phase. One prediction from this parallel
280  pathway model is that cells lacking the Rb-degradation pathway should be more sensitive to

281  inhibition of the remaining Rb-phosphorylation pathway. We can now test this prediction

282  because we identified UBRS as the E3 ligase targeting un-phosphorylated Rb in G1. To do this,
283  we first generated clonal cell lines lacking UBRS5 from HMEC cells using CRISPR/Cas9. We
284  randomly picked three UBRS5 WT clones and three UBRS5 KO clones for analysis (Fig. 4A).

285  UBRS KO cells exhibited higher Rb concentrations in low pRb G1 cells (Fig. 4B, C; Fig. S8).
286  Moreover, UBRS5 KO cells also exhibited both higher endogenous Rb concentrations and higher
287  exogenous Clover-3xFlag-Rb concentrations following Palbociclib treatment to arrest cells in G1
288  (Fig. S8; Fig. S9A, B), as well as an increased Rb half-life in early G1 (Fig. S9C). These

289  knockout lines therefore exhibited all the same effects we observed in our earlier knockdown
290  experiments shown in Fig. 3.

291

292  Having established UBRS5 KO cells, we are now in a position to test the parallel pathway model
293  prediction that cells lacking the Rb-degradation pathway are more sensitive to inhibition of the
294  Rb-phosphorylation pathway. To do this, we treated UBRS5 WT and UBRS5 KO cells with the

295  Cdk4/6 inhibitor Palbociclib for 72 hours and then measured cell numbers. Since different clonal
296  cell lines had different proliferation rates to begin with (Fig. SI0A), we normalized the cell

297  numbers of Palbociclib treated cells to the cell numbers in the DMSO control treatment for each
298  clonal cell line. Moreover, this normalization also accounts for the slower growth rates of UBRS
299 KO cells (Fig. S10A) that are likely due to the dysregulation of other UBRS substrates. As

300 predicted by the parallel pathway model, UBR5 KO cells are more sensitive to Palbociclib
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301  treatment than UBRS WT cells (Fig. 4D, Fig. SI0A). To further determine the proliferation status
302  of UBRS5 WT and KO cells, we also stained the cells with phospho-Rb antibodies following

303  DMSO or Palbociclib treatments. As expected, a significantly higher proportion of UBR5 WT
304  cells were progressing through the cell cycle (as indicated by cells having hyper-phosphorylated
305 Rb) compared to UBRS5 KO cells, again supporting the parallel pathway model (Fig. S10B-D).
306

307  Since UBRS has other substrates that may also affect cell cycle progression, we wanted to

308 examine if UBRS KO cells’ increased sensitivity to Palbociclib treatment was due to the

309 stabilization of Rb. To test this, we knocked out RB/ in UBRS5 KO cells using CRISPR/Cas9

310  (Fig. S11A) and tested their sensitivity to Palbociclib treatment. Knocking out RB/ in UBRS5 KO
311 cells completely rescued the increased Palbociclib sensitivity exhibited by UBRS5 KO cells (Fig.
312  4E; Fig. S11B), suggesting that the effect of UBRS on the G1/S transition is primarily through
313 the stabilization of Rb. Lastly, to make sure that the effect of UBRS5 on cell cycle progression
314  was due to its E3 ligase activity, we added back either wild-type UBRS or an inactive mutant
315  UBRS to the UBRS5 KO cells using the Dox-inducible system (Fig. S11C). The mutant UBRS has
316  a C2768A mutation in the HECT domain, which kills its catalytic activity (33). The expression
317  of WT or mutant UBRS was induced by Dox, and cells were treated with DMSO or Palbociclib
318  for 72 hours. Adding back UBRS WT increased the normalized cell number as compared to the
319  no Dox control, whereas adding back the mutant UBRS did not (Fig. 4F; Fig. S11D, E). This
320 indicates that the E3 ligase activity of UBRS is essential for its function as a key component of
321  the Rb-degradation pathway driving progression through the G1/S transition.

322

323  Discussion

324

325  Two distinct pathways drive the G1/S transition by reducing the activity and amount of the key
326  cell cycle inhibitor Rb: the canonical Cdk-phosphorylation pathway and the Rb-degradation

327  pathway (Fig. 4G). Here, we report that the Rb-degradation pathway is driven by the E3

328  ubiquitin ligase UBRS and is shut off by Rb hyper-phosphorylation in late G1. However, we do
329 not yet know the mechanism through which UBRS recognizes Rb. UBRS likely engages its

330  substrates as a dimer or tetramer, which can target distinct degron linear motifs as indicated by
331  recent cryo-EM structures (34, 35, 39—41). Since UBRS is a large multi-domain protein, it is
332  possible that different docking mechanisms can be utilized for engaging different groups of

333  substrates involved in multiple biological processes (33, 35, 40—42). Interestingly, two recent
334  studies proposed that UBRS targets its substrates on chromatin (34, 35). This possible preference
335  of UBRS for chromatin-bound targets might explain the results of our mutational analysis of Rb.
336  Namely, the more tightly an Rb variant is predicted to bind the E2F transcription factor, the more
337  rapidly it is degraded. The stabilization of Rb at the G1/S transition is coincident with its hyper-
338  phosphorylation and subsequent dissociation from the chromatin-bound E2F transcription

339  factors.

340
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341  Components of the canonical Rb-phosphorylation pathway are frequently mutated in cancer and
342  have become targets for therapies (43). For example, Cdk4/6 inhibitors in combination with

343  endocrine therapy are used to treat advanced estrogen receptor positive (ER+)/human epidermal
344  growth factor receptor-2 negative (HER2-) breast cancers (44—46). However, this application is
345  frequently limited by the intrinsic and acquired therapeutic resistance observed in patients (47,
346  48). One possible way to improve upon current therapies targeting the Rb-phosphorylation

347  pathway is to also target the Rb-degradation pathway. Namely, since deleting UBRS sensitizes
348  cells to treatment by Cdk4/6 inhibitors, it is possible that current Cdk4/6 inhibitor-based

349 treatments for breast cancer can be improved by developing novel therapeutics targeting the Rb-
350  degradation pathway through UBRS.

351

352  The inability of current therapies to inhibit cell division likely reflects our incomplete knowledge
353  of the signaling pathways involved. During G1 phase, the cell integrates many signals to make
354 tiehe decision to commit to cell division including two separate signaling pathways targeting Rb.
355  The existence of these two parallel pathways explains the ability of some cells to proliferate in
356 the absence of cyclin D-dependent kinase activity (49-57). Namely, these cells rely more heavily
357  on the UBR5-Rb degradation pathway than the canonical Cdk4/6 Rb-phosphorylation pathway.
358 In addition to providing such a robust entry to the cell division cycle in a particular cellular

359  context, the existence of parallel pathways regulating the G1/S transition might be due to the
360 different proliferative requirements of diverse cell types (52). Different pathways can be

361  independently tuned to precisely calibrate the rate of proliferation required by the myriad cell
362  types and niches of a multicellular organism. Discovering the mechanisms underlying these

363  GI1/S regulatory pathways, such as we have here for Rb-degradation, will give insight into both
364  development and disease.

365

366
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587  Fig. 1. Rb concentration dynamics are determined by degradation in early- to mid-G1

588  A. Schematic illustration of Rb concentration dynamics through the cell cycle. CDK activation
589  occurs 2-3 hours before the initiation of DNA replication (/, /0). B. Fluorescent traces from

590 HMEC-hTERTTI cells expressing endogenously tagged RBI-3xFLAG-Clover-sfGFP and the

591 HDHB CDK sensor ! (n = 40). Left panel shows representative single-cell traces and the middle
592  and right panels show average traces with shaded regions indicating the standard deviation.

593  Traces are aligned either by the initial translocation of the HDHB CDK sensor (middle panel) or
594  cell birth (right panel). C. Normalized cell number of HMEC cells treated with either DMSO or
595  Palbociclib (0.25uM) for 72 hours. Cells were plated in media containing different doses of

596  doxycycline to induce exogenous Clover-3xFlag-Rb. Drug treatment started the next day and
597  lasted for 72 hours. Then, cells were fixed and the cell number in each well was measured.

598  Normalized cell number is the cell number under Palbociclib treatment divided by the cell

599  number under DMSO treatment. N = 3 biological replicates, the error bar indicates standard

600 deviation. D. qPCR (n = 4) measurements of the RB/ mRNA concentration in G1 and S/G2

601  HMEC cells sorted using a FUCCI cell cycle reporter. E. Translation efficiency (TE) of RBI was
602  determined in HMEC cells in G1 and S/G2 that had been sorted using a FUCCI marker (left

603  panel), and in HMEC cells treated with DMSO or Palbociclib (1uM) (right panel). TE was

604  measured using a RIP assay (RNA binding protein immunoprecipitation) by pulling down elF4E.
605 TE is calculated by dividing the eIF4E bound fraction of RB/ mRNA to the eIF4E bound

606 fraction of GAPDH & Actin mRNAs. Bars denote mean values and dots denote each replicate
607  experiment. F. (Left panel) The degradation traces of Clover-3xFlag-Rb protein after Dox

608  withdrawal. The traces were classified into early G1 phase or S/G2 phase based on a FUCCI cell
609  cycle marker and cell cycle phase duration. (Middle panel) The exponential fit of the degradation
610 traces. (Right panel) Distribution of half-lives estimated from the exponential fit. Box plot

611 indicates 5th, 25th, median, 75th and 95th percentiles. G. Same half-life measurement as in panel
612 F, but using a C-terminally tagged Rb-3xFlag-Clover (Left panel) or a short-lived Clover-NLS or
613  stable Clover-NLS (Right panel). H. Mathematical model of Rb concentration dynamics during
614  cell cycle progression (see methods). Left panel: Rb concentration dynamics assuming that its
615  degradation rate decreases by 80% at the G1/S transition as measured by live imaging (see panel
616 F) and its synthesis rate does not change (left panel), or if Rb’s degradation rate does not change,
617  but its synthesis rate increases by 20% at the G1/S transition as measured in panel D. Right panel
618  shows the overlay of the model based on regulated Rb degradation with the experimental data
619  from panel B (middle panel). Rb concentration is normalized to the mean. I. Model schematic:
620 differential degradation of Rb in G1 and S/G2 phases of the cell cycle drive its concentration

621  dynamics.
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627  Fig. 2. Rb protein is stabilized via phosphorylation by Cyclin-Cdk

628  A. Rb concentration in different phospho-Rb populations. HMEC cells were stained with

629  phospho-Rb (S807/811) antibody and Rb antibody. (Left panel) phospho-Rb intensity is plotted
630 against DNA content (DAPI intensity). The color indicates Rb concentration. (Right panel)

631  quantification Rb concentrations in different phospho-Rb populations as shown in the boxes in
632 the left panel. Bar plots indicate the mean and 95% confidence interval. B. Immunoblot of Rb
633  after DMSO or Palbociclib (1uM) treatment for 24 hours. The quantification of relative Rb
634  concentration (normalized to actin intensity) is shown on the right. C. Top panel shows the
635  schematic of Rb phospho-site mutants. Small red lines indicate the location of Cdk

636  phosphorylation sites. Lower panel shows the degradation traces for Clover-3xFlag-RbWT,
637  Clover-3xFlag-Rb8NA, and Clover-3xFlag-Rb9A as well as the corresponding distributions of
638  half-lives. D. Top panel shows the schematic of the Rb phospho-mimetic mutants. Lower panel
639  shows the degradation traces for Clover-3xFlag-RbWT, Clover-3xFlag-Rb9EE, and Clover-
640 3xFlag-Rb13EE, as well as the corresponding distributions of half-lives. E-F. Half-life

641  distributions for all the Rb phospho-mimetic mutants. G. Model schematic: Rb is stabilized in
642 late G1 and S/G2 phases by Cdk phosphorylation.
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649  Fig. 3. The degradation of un-phosphorylated Rb is mediated by the E3 ligase UBRS

650  A. Rb concentration in different phospho-Rb populations of HMEC cells after indicated drug
651  treatments. HMEC cells were treated with the indicated drugs for 5 hours, fixed, and stained with
652  phospho-Rb (S807/811) and Rb antibodies. The Rb concentration is calculated by dividing total
653  Rb intensity by nuclear area®?. B. Concentrations of Clover-3xFlag-RbACDK or Clover-3xFlag-
654  RbI4EE after drug treatments. Cells expressing Clover-3xFlag-RbACDK and Clover-3xFlag-
655 RbI4EE were induced with Dox (1pug/mL) for 48 hours. Then, cells were treated with the

656  indicated drugs for 5 hours, fixed, and imaged. The concentrations of Clover-3xFlag-Rb variants
657  were calculated by dividing total Clover intensity by nuclear area®?. C. Schematics of the two
658  siRNA library components. D. Results of the two siRNA screens. The concentration fold

659  changes of Clover-3xFlag-RbACDK and Clover-3xFlag-Rb14EE are plotted. The concentration
660  fold change is calculated by dividing the Clover concentration of the treatment well by the

661  concentration of the non-treated well. n = 4 biological replicates were performed for the 1st

662  screen, and n = 3 biological replicates were performed for the 2nd screen. E. Immunoblot of Rb
663  after UBRS knockdown by siRNA. Cells were treated with siRNAs for 24 hours, and then

664  treated with DMSO or Palbociclib (1uM) for 24 hours before harvest. The lower band in the Rb
665  Dblot indicates the un/hypo-phosphorylated Rb (marked by red star). F. Microscopy analysis of
666 HMEC cells expressing the Rb (886-928) KTR sensor, which reflects Cdk activity. Cells were
667 treated with Ctrl siRNA or UBRS siRNAs for 48 hours. The cytoplasmic-to-nucleus intensity
668 ratio of the KTR sensor is plotted against DNA content (DAPI staining). The dot color indicates
669 the Rb concentration. G. Quantification of Rb concentration in different phospho-Rb populations
670  shown in (F). Bars indicate mean and its 95% confidence interval. H. Degradation traces and the
671  calculated half-lives of Clover-3xFlag-Rb after UBRS5 knock down. Box plot indicates 5th, 25th,
672  median, 75th and 95th percentiles. I. Schematic of the Fah-/- mouse liver model and

673  experimental flow. 6-week old Fah-/- mice were hydrodynamically transfected with plasmids
674  carrying an Fah-P2A-Cas9-sgNT transposon or an Fah-P2A4-Cas9-sgUbr5 transposon, together
675  with a transposase plasmid. 8 weeks later, hepatocytes were isolated from the mice for

676  downstream analysis. J. Rb concentration in the low-phospho-Rb population of the primary

677  hepatocytes isolated from mice receiving Fah-P2A-Cas9-sgNT or Fah-P2A-Cas9-sgUbr5

678  transposons. The error bars indicate the standard deviation of the mean. K. Model schematic:
679  Un-phosphorylated Rb is targeted for degradation by the E3 ligase UBRS in early G1.
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681 Fig. 4
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685  Fig. 4. UBRS deletion sensitizes cells to CDK4/6 inhibition

686  A.Immunoblot verification of UBRS5 KO clonal cell lines. B. Rb staining in UBR5 WT or KO
687  clonal cell lines expressing the Rb (886-928) KTR sensor. The cytoplasmic-to-nucleus intensity
688  ratio of the KTR sensor is plotted against DNA content (DAPI staining). The dot color indicates
689  the Rb concentration. C. Quantification of Rb concentration in different phospho-Rb populations
690  shown in (b). Circles denote results from individual clones and the bars denote the standard

691  deviation. D. Normalized cell number of UBR5 WT or KO clonal cell lines after Palbociclib

692  (1uM) treatment for 72 hours. Drug treatment started the day after plating. After 72 hours of
693  drug treatment, cells were fixed and the cell number in each well was measured. Normalized cell
694  number is the cell number under Palbociclib treatment divided by the cell number under DMSO
695  control treatment. N = 4 biological replicates and error bars indicate the standard deviation. E.
696  Normalized cell number of UBRS WT, RB1 KO, or RB1 UBRS5 double KO clonal cell lines after
697  Palbociclib (0.5uM) treatment for 72 hours. N = 3 biological replicates. F. Normalized cell

698 number of UBR5 WT addback or UBRSAHECT addback cells after Palbociclib (1uM) treatment
699  for 72 hours. GFP-UBRS WT or GFP-UBRSAHECT were induced by Dox (100ng/ml). The

700  results show the average from 3 UBRS5 KO clonal cell lines with different UBRS variants added
701 back. We performed 3 biological replicates. The error bars indicate the standard deviation. G.
702 Model schematic showing Rb is targeted for degradation by UBRS in parallel to the canonical
703  Rb phosphorylation pathway controlling Rb activity and thereby the G1/S transition.

704
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