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25  Abstract
26  Many somatic cell types are plastic, having the capacity to convert into other
27  specialized cells (transdifferentiation)(1) or into induced pluripotent stem cells (iPSCs,
28  reprogramming)(2) in response to transcription factor over-expression. To explore
29  what makes a cell plastic and whether these different cell conversion processes are
30 coupled, we exposed bone marrow derived pre-B cells to two different transcription
31  factor overexpression protocols that efficiently convert them either into macrophages
32  oriPSCs and monitored the two processes over time using single cell gene expression
33 analysis. We found that even in these highly efficient cell fate conversion systems,
34  cells differ in both their speed and path of transdifferentiation and reprogramming.
35 This heterogeneity originates in two starting pre-B cell subpopulations, large pre-BlI
36 and the small pre-Bll cells they normally differentiate into. The large cells
37 transdifferentiate slowly but exhibit a high efficiency of iPSC reprogramming. In
38 contrast, the small cells transdifferentiate rapidly but are highly resistant to
39 reprogramming. Moreover, the large B cells induce a stronger transient
40 granulocyte/macrophage progenitor (GMP)-like state, while the small B cells undergo a
41  more direct conversion to the macrophage fate. The large cells are cycling and exhibit
42  high Myc activity whereas the small cells are Myc low and mostly quiescent. The
43  observed heterogeneity of the two cell conversion processes can therefore be traced
44  to two closely related cell types in the starting population that exhibit different types
45  of plasticity. These data show that a somatic cell’'s propensity for either
46  transdifferentiation and reprogramming can be uncoupled.
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47

48  One sentence summary: Single cell transcriptomics of cell conversions

49  Main Text:

50 C/EBPa is a master regulator of myelopoiesis(3). When overexpressed in B cell
51  precursors, it induces their efficient transdifferentiation into macrophages(1), and
52 when transiently overexpressed, it poises them for rapid and highly efficient
53  reprogramming into iPSCs in response to induction of Oct4, Sox2, KIf4 and Myc
54  (OSKM)(4). The combination of these two systems gives us the unique opportunity to
55  study the determinants of both types of cell conversion by following gene expression
56 insingle cells starting from the same cell population.

57

58  We isolated CD19" B cells precursors from the bone marrow of reprogrammable
59  mice(5) and infected them with a retrovirus encoding a hormone inducible form of
60 C/EBPa (Cebpa-ER-hCDA4). After expansion in culture, we induced them to either trans-
61 differentiate into macrophages or to reprogram into iPSCs. To induce the macrophage
62 fate, we treated the cells with beta-estradiol (E2) to activate C/EBPa. To induce the
63  iPSC fate, we treated the cells with E2 for 18 hours, washed out the hormone and
64 added doxycycline to induce OSKM(4, 6). For transdifferentiation, we collected cells
65 before (0h) and after 6h, 18h, 42h, 66h and 114h of C/EBPa induction; for
66 reprogramming samples were prepared at days 2, 4, 6 and 8 after OSKM induction of
67 18h C/EBPa-pulsed cells (Fig. 1A). We collected two pools of 192 cells at each time
68  point and sequenced their RNA using MARS-Seq(7). After quality control and filtering
69 (see Methods), we obtained expression profiles for 17,183 genes in 3,152 cells. We
70  then performed dimensionality reduction, corrected for batch effects, and extracted
71  gene expression signatures (See Methods and Fig. S1-3, Table S1-4). Visualizing the
72  data using diffusion maps(8) revealed branching between transdifferentiation and
73  reprogramming at the 18h time-point, with largely synchronous cohorts of cells
74  moving along distinct trajectories and reaching homogenous final cell populations
75  consisting of either induced macrophage (iMac) or iPSC-like cells, respectively (Fig. 1B).
76  We observed no branching into alternative routes, in contrast to what has been
77  described for the transdifferentiation of fibroblasts into neurons(9), muscle cells(10) or
78 iPSCs(11, 12).

79

80 B cell genes become largely silenced after 18h (Fig. 1C and Fig. S4A). During
81 transdifferentiation, there is a transient activation of granulocyte/GMP genes (Fig. 1D,
82  Fig. S4B), followed by activation of monocyte (Fig. 1E, Fig. S4C) and then macrophage
83  genes (Fig. 1F, Fig. S4D). After OSKM induction, endogenous Pou5f1 (Oct4) is activated
84  at day 2, followed by expression of Nanog at day 4 and Sox2 at day6 (Fig. 1G, Fig. E-H),
85  consistent with the high reprogramming efficiency of our system(6, 13).

86

87  Visualizing single cells in the expression space spanned by B cell, monocyte and
88  macrophage programs (Fig. 1H) and B cell, mid and late reprogramming (Fig. 1l),
89 however, reveals a degree of asynchrony. To identify potential causes of this
90 asynchronous behaviour, we determined which independent component analysis
91 (ICA)-derived expression signatures (Fig. S2) best predicted cell progression toward the
92  macrophage state (Fig. 2A) at each time-point (excluding expression signatures directly
93 involved in transdifferentiation, that is the B cell, monocyte, granulocyte, and
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94  macrophage programs). We found that a signature highly enriched in Myc target genes
95 (component 5, Fig. S2, Table S4) best predicts and negatively correlates with the extent
96 of transdifferentiation at intermediate time points (Fig. 2B, Fig. S5). Expression of the
97  Myc targets varies extensively across cells within each time point but changes little
98 during transdifferentiation (Fig. 2C). The data therefore suggest that the cells with
99 lower expression of Myc targets transdifferentiate more rapidly into macrophages.

100

101  We next tested how the expression of Myc targets relates to the loss of the B cell state

102  and the acquisition of transient myeloid-like cell states during transdifferentiation.

103  Visualizing similarity to the pre-B cell state shows that low expression of Myc targets is

104  more strongly associated with a rapid gain of the macrophage state than with a rapid

105 loss of the B cell state (Fig. 2D). Moreover, higher Myc target expression is associated

106  with a larger and more persistent induction of a GMP-like state (Fig. 2E). Myc target

107  expression does not associate with the extent of induction of a transient monocyte-

108  (Fig. 2F) or granulocyte-like state (Fig. S6). In conclusion, cells with low expression of

109  Myc targets acquire the macrophage fate more rapidly and transdifferentiate via a less

110  pronounced transient induction of a GMP-like state.

111

112  We similarly searched for expression signatures that predict the progression of
113  individual cells toward pluripotency within each time-point during reprogramming to
114  iPSCs (Figure 2g). The expression of Myc targets was again predictive of cell fate
115  conversion especially at early stages, however, in contrast to what was observed
116  during transdifferentiation, high expression of Myc targets is associated with a more
117  advanced state of reprogramming (Fig. 2H, Fig. S7). Moreover — and also different to
118 what was observed during transdifferentiation — the expression of Myc targets
119 increases during reprogramming (Fig. 21). Visualizing similarity to pre-B cells, GMPs and
120  monocytes during reprogramming shows that cells with high expression of Myc targets
121  and a transient GMP state are at the forefront of the reprogramming trajectory. In
122 contrast, cells with low expression of Myc targets lag behind and retain the monocyte
123 program at D4 (Fig. 2J-L).

124

125 Is the heterogeneity in the expression of Myc targets due to a differential response of
126  pre-B cells to the lineage instructive transcription factors or does it reflect a
127  heterogeneity in the starting cell population? Examining the uninduced pre-B cells
128  reveals substantial variation in the expression of Myc targets (Fig. 3A), suggesting that
129 the heterogeneity pre-exists in the starting cell population. This variation also
130 correlates with higher expression of both G1/S and G2/M phase cell cycle genes (Fig.
131 3A).

132

133  During B cell development in the bone marrow, large pre-Bll cells undergo a
134  proliferation burst and differentiate into quiescent small pre-Bll cells(14), via Bcl6
135 induced transcriptional repression of Myc, events that are required for the initiation of
136  light chain immunoglobulin rearrangements(15). Thus, heterogeneity in the starting
137  pre-B cell population likely reflects variability along this B cell developmental
138  transition. Comparing our single cell data with bulk expression data of cells at various
139  stages of B cell development(14, 16) supports this hypothesis, showing that cells with
140  higher expression of Myc targets are more similar to large pre-Bll cells or cycling pre-B
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141  cells, while cells with lower expression of Myc targets are more similar to small pre-BlI
142  cells and non-cycling pre-B cells (Fig. 3B, Fig. S9A). Indeed, total mMRNA content in our
143  single pre-B cells varies within a three-fold range and scales with the expression of Myc
144  targets, further suggesting a Myc dependent heterogeneity in cell size in the starting
145  cell population (Fig. 3C).

146

147  Taken together, these observations suggest a pre-existing variation in the starting cell
148  population, reflecting the developmental transition from large to small pre-Bll cells
149 and that this heterogeneity affects the speed of transdifferentiation and
150 reprogramming in reciprocal ways: small pre-Bll cells transdifferentiate faster but
151  reprogram slowly, while large pre-Bll cells transdifferentiate slowly but reprogram
152  faster.

153

154  To further test this model, we analyzed our starting pre-B cell population by flow
155  cytometry and found that it can be resolved by size and granularity into two discrete
156  subpopulations, with about 1/3 small and 2/3 large cells (Fig. 3D). Intracellular staining
157  of Myc monitored by flow cytometry confirmed that the larger cells express Myc while
158 the smaller cells are Myc negative (Fig. 3E, Figs. S9B, S10A). These two subpopulations
159  show the predicted differences for large and small pre-BIl cells in cell proliferationus,
160  with the large cells incorporating 400 times more EdU within 2 hours than the small
161  cells, showing that they proliferate while the small cells are largely quiescent (Figs.
162  S9C, S10B). To determine whether the two cell types differ in their plasticity, we
163  isolated B cell progenitors from reprogrammable mice and tested their ability to
164  transdifferentiate and reprogram. In response to a continuous exposure to C/EBPa, the
165 small pre-Bll cells upregulated the macrophage marker Mac-1 faster and
166  downregulated CD19 slightly more rapidly than large pre-Bll cells (Figs. 3F-G, Fig.
167  S10C). Similarly, the small cells acquired higher granularity, a marker of mature
168 myeloid cells, and also slightly increased in volume compared to the large cells (Figs.
169  S9D, S10D). In stark contrast, when 18h pulsed cells (also designated ‘Ba cells’(4, 6))
170  were tested for reprogramming in response to OSKM induction, large pre-Bll cells
171  generated 30x times more iPSC colonies than small pre-B cells (Figs. 3H-I). Previous
172  work has shown that C/EBPa induced maximal reprogramming efficiency by 18hrs of
173  treatment, after which it decreases again(4), raising the possibility that an accelerated
174  transdifferentiation of the small cells towards macrophages moves them out of the
175 time window of highest responsiveness. We therefore tested the effect of a shorter
176  pulse of C/EBPa (6h) and found that the small cells were still highly resistant to
177  reprogramming, with an 18h pulse still producing a slight increase in the number of
178  iPSC colonies (Fig. S9E). This result indicates that the two cell types exhibit intrinsic
179  differences in their cell conversion preferences.

180

181  We next asked whether the Myc signature also predicts the reprogramming efficiency
182  of other somatic cells, examining existing datasets of 20 hematopoietic and non-
183  hematopoietic cell types(2, 17-20). Of note, our analysis revealed that Myc signature
184  expression in the starting cell types is strongly predictive of the reprogramming
185  efficiency (R=0.66, p=0.0016). In support of our findings in B cells, myeloid progenitors
186  (MPs) and GMPs exhibited the highest levels of the Myc signature and the highest
187  reprogramming efficiency (Fig.3J).
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188

190 In summary, we have discovered by single cell RNA sequencing that two somatic cell
191 types, only a single differentiation step apart, differ substantially and reciprocally in
192  their propensity to transdifferentiate or reprogram. Whereas large pre-Bll cells are
193  highly susceptible for reprogramming into iPS cells and transdifferentiate slowly into
194  macrophages, the small pre-Bll cells, into which they normally differentiate, reprogram
195 less efficiently but transdifferentiate more rapidly (Fig. 4).

196

197 Our findings show that a cell's propensity for either transdifferentiation or
198 reprogramming can be dissociated, suggesting that these two types of plasticity might
199 be fundamentally different. Our observations also suggest a link between Myc levels
200 and cell identity. Specifically, B cells with high Myc levels are strongly biased for the
201  acquisition of the pluripotent stem cell fate, while cells with low Myc levels
202  transdifferentiate more rapidly. Accordingly, high levels of Myc are predictive of the
203  iPSC reprogramming efficiency of diverse progenitor and mature cell types. The effect
204  of Myc could be mediated by the factor’s ability to induce cell proliferation(21), global
205 chromatin changes(22, 23), transcriptional amplification of genes essential for
206  proliferation(24), changes in metabolism(21) and others. These features are also likely
207  central for its role as a major driver of cancer(21) and its role in early embryonic
208 development(25). However, high Myc expression in large pre-Bll cells is not sufficient
209 to enable their efficient iPSC reprogramming induced by OSKM, as we found that they
210  must still be primed by C/EBPa(4). This might be related to C/EBPa’s ability to activate
211  key transcription factors (such as KIf4 and Tet2), to recruit chromatin related factors
212 (such as LSD1/Kdmila, Hdacl, and Brd4)(6), and/or to induce changes in genome
213  topology preceding pluripotent transcription factor expression(13). It is therefore
214  tempting to speculate that Myc and a transiently expressed lineage instructive
215  transcription factor such as C/EBPa are key ‘priming’ ingredients for the formation of
216  pluripotent stem cells during cell reprogramming and normal early embryo
217  development.

218
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240 Fig. 1. Single cell gene expression analysis of B cell to macrophage
241  transdifferentiation and B cell to iPSC reprogramming. A, Overview of the
242  experimental design, showing time points analysed. B, Single cell projections onto the
243  first two diffusion components (DC1 and DC2). C-F, as in B, with top 50% of cells
244  expressing selected markers for B cells in red (C), GMP/granulocytes in orange (D),
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245  monocytes in purple (E), macrophages in light blue (F) and pluripotent cells in orange-
246  red (G). H-l, Projection of transdifferentiating cells onto B cell, macrophage, and
247  monocyte specific independent components (H), and reprogramming cells onto, B cell,
248  mid- and late - pluripotency specific independent components ().
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251  Fig. 2. Myc target levels predict differences in single cell transdifferentiation and
252  reprogramming trajectories. A, Distribution of gene expression similarity between
253  single cells and reference bone marrow derived macrophages(26) (acquisition of
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254  macrophage state) during transdifferentiation. B, Correlation between the Myc targets
255 component and acquisition of macrophage state from A. C, Expression of Myc targets
256  at the various transdifferentiation time points. D-F, Single cell trajectories relating the
257 B cell state (D), the GMP state (E) and the monocyte state (F) to the acquisition of the
258 macrophage state during transdifferentiation. G, Distribution of expression similarity
259  between single cells and reference embryonic stem cells (ESCs) during reprogramming.
260 H, Correlation between Myc targets and acquisition of pluripotency from G. |,
261  Expression of Myc targets at the various reprogramming time points. J-L as in D-F, but
262  relating differentiation states with acquisition of the pluripotent state (ESCs) (see also
263  Figure S8).
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266  Fig. 3. Two types of pre-B cells exhibit distinct cell conversion plasticities. A, Heatmap
267  showing the expression of Myc targets, G1/S and G2/M specific genes in the starting
268  pre-B cells sorted by Myc targets component. B, Similarity score of single cells binned
269 by Myc targets expression (bottom 20%, mid and top 20%) with reference large and
270  small pre-Bll cells. C, Correlation between total mRNA molecules per cell and Myc
271  targets expression. D, Representative FACS plot of starting pre-B cells showing forward
272  (FSC) and side scatter (SSC). E, Representative FACS analysis of Myc levels detected in
273  the 30% largest and the 30% smallest pre-B cell fractions. F, FACS plots of myeloid
274  marker (Mac-1) and B cell marker (CD19) expression during induced
275 transdifferentiation of sorted large and small pre-Bll cells. G, Quantification of the
276  results shown in F (n=3, Statistical significance was determined using multiple t-test
277  with 1% false discovery rate). H, Visualization of iPSC-like colonies (stained by alkaline
278 phosphatase) 12 days after OSKM induction of sorted large and small pre-Bll cells. I,
279 Quantification of the results shown in H (Statistical significance was determined using
280 a two-tailed unpaired Student’s t-test). J Scatterplot showing the correlation between
281 Myc component expression in different starting cell types (x-axis) and their
282  corresponding (logit transformed) reprogramming efficiency (y-axis).
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381 Supplementary materials

382 Materials and methods

383

384  Mice and cell cultures

385 We used ‘reprogrammable mice’ containing a doxycycline-inducible OSKM cassette
386 and the tetracycline transactivator(5). CD19" pre-B cells were isolated from the bone
387 marrow of these mice using monoclonal antibody to CD19 (clone 1D3, BD Pharmingen
388  #553784) and MACS sorting (Miltenyi Biotech). Cell purity was confirmed to be >98%
389  CD19+ by FACS using an LSRII machine (BD). After isolation, B cells were grown in RPMI
390 medium supplemented with 10% FBS and 10ng/ml IL-7 (Peprotech), L-glutamine,
391 nonessential amino acids, B-mercaptoethanol (Life Technologies) as well as
392  penicillin/streptomycin. Mouse embryo fibroblasts (MEFs) were isolated from E13.5
393 mouse and expanded in DMEM supplemented with 10% FBS, L-glutamine and
394  penicillin/streptomycin.  Cultures were routinely tested for mycoplasma
395 contamination. Animal experiments were approved by the Ethics Committee of the
396 Barcelona Biomedical Research Park (PRBB) and performed according to Spanish and
397  European legislation.

398

399 Transdifferentiation and reprogramming experiments

400 For transdifferentiation pre-B cells were infected with C/EBPa.ER-hCD4 retrovirus
401  produced by the PlatE retroviral packaging cell line (Cell Biolabs, # RV-101). The cells
402 were expanded for 48hrs on Mitomycin C-inactivated S17 feeders grown in RPMI
403  medium supplemented with 10 ng/mL each of IL-7 (Peprotech) and hCD4" were sorted
404  (FACSaria, BD). For transdifferentiation C/EBPa was induced by treating the cells with
405 100nM p-Estradiol (E2) in medium supplemented with 10 ng/mL each of IL-7, IL-3
406  (Peprotech) and human colony-stimulating factor 1 (hCSF-1, kind gift of E. Richard
407  Stanley). For reprogramming hCD4" cells were plated at 500 cells/cm? in gelatinized
408 plates (12 wells) on irradiated MEF feeders in RPMI medium and pre-treated for 18h
409  with E2 to induce C/EBPa. After E2 washout the cultures were switched to serum-free
410 N2B27 medium supplemented with 10ng/ml IL-4, IL-7 and IL-15 (Peprotech) at 2ng/ml
411  and treated with 2pg/ml of doxycycline to activate OSKM. From day 2 onwards the
412  N2B27medium was supplemented with 20% KSR (Life Technologies), 3uM CHIR99021
413 and 1uM PD0325901 (2i medium). A step-by-step protocol describing the
414  reprogramming procedure can be found at Nature Protocol Exchange
415  (https://www.nature.com/protocolexchange/protocols/4567).

416  Myc expression by flow cytometry

417  CD19 positive B cells were washed and fixed in Fix&Perm fixative (Life Technologies) for
418 15 min, then washed and permeabilized in Fix&Perm saponin-based permeabilization
419 buffer for 15 min. After permeabilization, cells were incubated in 1x PBS / 10% normal
420  goat serum / 0.3M glycine to block non-specific protein-protein interactions followed by
421  Myc antibody at 1/76 dilution for 30 min at room temperature. The secondary antibody
422 used was Goat Anti-Rabbit IgG H&L (Alexa Fluor® 647) (Life technologies) at 1/2000
423  dilution for 30 min. A rabbit IgG was used as the isotype control. Cells were analysed on a
424  BD LSRII flow cytometer. The gating strategy is described in Fig. S10A.

425

426  Cell cycle analysis by EdU incorporation
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427  For cell cycle analyses cells were treated for 2 hrs with EdU (Life Technologies). EdU
428  staining was performed using the Click-IT EdU Cytometry assay kit (Life Technologies)
429 at room temperature following the manufacturer’s instructions. Briefly, cells were
430 washed in PBS and fixed in Click-iT fixative for 15 min. After washing they were
431  permeabilized in 1 x Click-iT saponin-based permeabilization buffer for 15 min. The
432  EdU reaction cocktail (PBS, CuSQ,4, Alexa Fluor 488 azide and buffer additive as per
433  manufacturer’s protocol) was added to the cells for 30 min and then washed in 1%
434  BSA/PBS. After staining, cells were analysed on a BD LSRII flow cytometer. The gating
435  strategy is described in Fig. S10B.

436

437  FACS analyses of transdifferentiation

438 B cell to macrophage transdifferentiation was monitored by flow cytometry using
439  antibodies against Mac-1 (clone 44, BD Pharmingen) and CD19 (1D3, BD Pharmingen)
440 labeled with APC and PeCy-7, respectively. After staining, cells were analysed on a BD
441  LSRII flow cytometer. The gating strategy is described in Fig. S10C.

442

443  RNA extraction

444  Toremove the feeders, cells were trypsinized and pre-plated for 30min before RNA
445  isolation with the miRNeasy mini kit (Qiagen). RNA was eluted from the columns using
446  RNase-free water and quantified by Nanodrop. cDNA was produced with the High

447  Capacity RNA-to-cDNA kit (Applied Biosystems).

448

449  gRT-PCR analyses

450 gRT-PCR reactions were set up in triplicate with the SYBR Green QPCR Master Mix

451  (Applied Biosystems). Reactions were run on an AB7900HT PCR machine with 40 cycles
452  of 30s at 95 °C, 30s at 60 °C and 30s at 72 °C.

453

454  Viral vector and infection

455 Production of the C/EBPaER-hCD4 retroviral vector and B cell infection were

456  performed as before(4, 6).

457

458  Alkaline Phosphatase (AP) staining

459 AP staining was performed using the Alkaline Phosphatase Staining Kit (STEMGENT)
460 following the manufacturer’s instructions.

461

462  Library preparation and sequencing. Single-cell libraries from polyA-tailed RNA were
463  constructed applying massively parallel single-cell RNA sequencing (MARS-Seq) (7) as
464  described in (27). Single cells were FACS isolated into 384-well plates with lysis buffer
465 and reverse-transcription primers containing the single-cell barcodes and unique
466  molecular identifiers (UMls). Each library consisted of two 192 single-cell pools per
467  time point (pool a and pool b). Multiplexed pools were sequenced in an Illumina HiSeq
468 2500 system. Primary data analysis was carried out with the standard Illlumina pipeline
469  following the manufacturer's protocol.

470

471  Data pre-processing. Quality check of sequenced reads was performed with the
472  FastQC quality control tool(28). Samples that reached the quality standards were then
473  processed to deconvolute the reads to cell level by de-multiplexing according to the


https://doi.org/10.1101/351957
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/351957; this version posted June 20, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

474  pool and the cell barcodes, wherein the first read contains the transcript sequence and
475  the second read the cell barcode and the UMI.

476  Samples were mapped and gene expression was quantified with default parameters
477  using the RNA pipeline of the GEMTools 1.7.0 suite(29) on the mouse genome
478  assembly GRCm38 (30) and Gencode annotations M8(31). We took advantage of the
479  UMI information to correct for amplification biases during the library preparation,
480 collapsing read counts for reads mapping on a gene with the same UMI and
481  considering unambiguously mapped reads only.

482

483  Data analysis.

484  Cells with a library size < 1800 were excluded from further analysis. Genes detected in
485 less than 50 cells or less than 15 cells per group were also excluded from further
486  analysis, resulting in expression data for 17183 genes in 3152 cells. Size factor
487 normalization was applied by dividing the expression of each gene in each cell by the
488  total number of detected mRNA molecules and multiplying by the median number of
489  molecules across cells. An inverse hyperbolic sine transformation (log (x+sqrt(x*+1)),
490 where x is the mRNA count) was then applied and the data was subsequently centred.
491

492  Dimensionality reduction, batch correction and gene expression reconstruction.

493  We performed principal component analysis (PCA) by computing partial singular value
494  decomposition (SVD) on the data matrix extracting the first 100 largest singular values
495 and corresponding vectors using the method implemented in R in the ‘irlba’
496  package(32). The distribution of the singular values flattens out after 35 components
497  (Fig. S1B). Examining singular vectors highlights the presence of batch effects between
498 the two pools at each time point starting from component 3 (Fig. S1C). We therefore
499  applied a batch correction method based on finding mutual nearest neighbours
500 between batches (33). We used the R implementation (function ‘mnn’ in the ‘scran’
501 package) with k=15 nearest neighbours, and computing the nearest neighbours on the
502 first 2 PCA dimensions which only capture biological variation. This method corrects
503 batch effects shared across all samples. However, partial SVD on batch corrected data
504  shows that among the first 35 components that retain signals (Fig. S1D) batch effects
505 between the two pools are still present (Fig. S1E). We therefore applied independent
506 component analysis (ICA) to decompose expression into 35 mutually independent
507 components and estimate the relative mixing matrix that, when multiplied by the
508 independent components, results in the observed data. ICA separates well sample-
509 specific batch effects from biological signal (Fig. S1F). We filtered out components
510 when the interquartile ranges of the distributions of component scores of the two
511  pools do not overlap at any time point (components 3, 9, 13, 15, 16, 17, 19, 20, 21, 24,
512 26, 27,32, 35). A component correlated with cell position in the plate (Component 33,
513  Fig. S1G) was also filtered out. We then reconstructed gene expression by multiplying
514  filtered gene loadings (Table S1) by the filtered samples scores (Table S2) including
515 only the selected 20 components (Fig. S2). The resulting gene expression matrix was
516  then normalized using quantile normalization.

517

518 Characterization of the components: Gene set enrichment analysis. We clustered
519 genes according to the loadings on the components from ICA, assigning each gene to
520 the component with highest or lowest loading. Each component therefore defines one
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521  cluster of negatively correlated genes and one of positively correlated genes. We then
522  calculated the enrichment of each cluster for Gene Ontology categories(34), restricting
523  the analysis to categories including more than 10 and less than 200 genes, and
524  hallmark signatures from the Molecular Signature database(35) and tested its
525  significance using Fisher’s test. P-values were corrected for multiple testing using
526  Benjamini-Hochberg method(36).

527

528 Characterization of the components: comparison to the mouse cell atlas. We
529 compared our data to a comprehensive atlas of murine cell types (26). We applied ICA
530 to decompose expression of the atlas of cell types into 120 mutually independent
531 components, and we correlated these to the components extracted from our single
532  cell data (Fig. S2) to determine cell type specificity of single cell components.

533

534  Diffusion map. To visualize data in low dimensional space we used diffusion maps.
535 Diffusion maps are a method for non-linear dimension reduction that learn the non-
536 linear data manifold by computing the transition probability of each data point to its
537 neighbours (diffusion distances). We used the R implementation by (37) available in
538 package ‘dpt’ version 0.6.0. The transition matrix is calculated on the selected ICA
539  components using a sigma = 0.12 for the Gaussian kernel.

540

541  Computation of similarity index of our single cell RNA-seq data with reference cell
542  types. We compared our data to a comprehensive atlas of murine cell types from(26)
543  that consists of uniformly re-analysed bulk and single cell RNA-seq data from 113
544  publications including 921 biological samples consisting of 272 distinct cell types.

545  We calculated a similarity index for each single cell transcriptome to each atlas cell
546  type transcriptome as follows: we first calculated the genome wide correlation
547  between each single cell and all cell types from the atlas. The correlation coefficient
548  was then transformed using Fisher’s z transformation: 1/2 *log(1+r/1-r)). The vector of
549  z-transformed correlations for each single cell was then scaled across reference cell
550 types. In the same manner, we also compared our starting population single cell data
551 to reference bulk expression data from different stages of B cell development from
552  (14) and from the immunological genome project(16). Myc targets component
553  increases in expression with time during reprogramming. This may fully account for
554  the prediction of the extent of reprogramming in each cell. We therefore regress out
555  the expression of Myc targets before the computation of similarity indices by removed
556 the ‘Myc targets’ component from both the atlas and the single cell data before
557  reconstructing both the atlas and single cell expression as explained above to derive a
558 corrected similarity index. This shows that Myc targets are still predictive progression
559  towards pluripotency at least at D4 (Fig. S8).

560

561 Correlation between reprogramming efficiency and the Myc component.
562  Reprogramming efficiency data for different hematopoietic cell types as well as from
563  mouse tail fibroblasts are from reference (18); for neural stem cells, pancreatic beta
564 cells, keratinocytes and MEFs are from references (20) (19) (17) and (2), respectively.
565  Cell reprogramming efficiencies were matched to the expression values of their Myc
566 component, obtained from the mouse cell atlas (26) as described above (Fig. S2A, C).
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When more than one cell type from the atlas corresponded to a single cell category
used for reprogramming, their Myc component values were averaged (Table S5).

Data availability

Single cell gene expression data have been deposited in the National Center for
Biotechnology Information Gene Expression Omnibus (GEO) under accession number
GSE112004.
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Supplementary figures
Fig. S1
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Fig. S1. Data pre-processing, batch correction and independent component analysis.
A, Overview of the data collection and pre-processing steps. B, Distribution of the top
100 eigenvalues and of single cell projections onto the first four principal components
across pools and time points from the gene expression PCA before batch correction. C,
Distribution of the top 100 eigenvalues and of single cell projections onto the first four
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581  principal components and component 13 across pools and time points from the PCA of
582  gene expression after MNN batch correction. D, Distribution of single cells projections
583 onto the 35 independent components across pools and time points. E, Distribution of

584  the single cells projections onto independent component 33 across plate columns.
585
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587  Fig. S2. Characterization of independent components. A, Heatmap of the correlations
588 between the gene loadings of selected single cell independent components and gene
589 loadings of selected independent components from the reference mouse cell atlas(26).
590 B, Distribution of the single cell projections onto the macrophage, mid pluripotency,
591 granulocyte, monocyte, pre-B, late pluripotency, G2/M, oxidative phosphorylation,
592  G1/S and a second oxidative phosphorylation specific components across time points.
593 (, Cell type projections onto selected Atlas components.
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Fig. S3. Reconstructing batch corrected gene expression. A, ICA decomposition the
expression data matrix into a matrix of independent sources and mixing matrix. B,

Reconstruction of gene expression after filtering out components capturing batch
effects.
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Fig. S4. Single cell analysis of reprogramming and transdifferentiation. A-D Single cell
projections onto the first two diffusion components, with cells expressing top 50% of
selected markers for B cells in red (A), GMPs/granulocytes in light orange (B),
monocytes in purple (C) and macrophages in light blue (D). E, Heatmap of genes up-
regulated early (Pou5f1 cluster), mid (Nanog cluster) and late (Sox2 cluster) during
reprogramming. F-H, Single cell projections onto the first two diffusion components,
with cells expressing top 50% with of selected early (F), mid (G) and late (H)

pluripotency markers in orange-red.
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Fig. S5. A-F. Predicting the speed of transdifferentiation. Correlation between each
independent component and the expression similarity of single cells with reference
bone marrow derived macrophages at Oh (A), 6h (B), 18h (C), 42h (D), 66h (E) and 114h
(F) after C/EBPa induction.
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Fig. S6. Acquisition of a transient granulocyte-like state during transdifferentiation.
Single cell trajectories showing the relationship between granulocyte similarity and
acquisition of the macrophage state during transdifferentiation. Colours indicate the
levels of Myc targets.
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621  Fig. S7. A-F. Predicting the speed of reprogramming. Correlation between each
622 independent component and the expression similarity of single cells with acquisition of
623  pluripotency at Oh (A) and 18 hours after C/EBPa induction (B), and at D2 (C), D4 (D),
624 D6 (E) and D8 (F) after OSKM induction.
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626  Fig. S8. High expression of Myc targets predicts faster route towards reprogramming
627 also when factoring out Myc targets and cell cycle components before the
628 computation of the similarity score. A,B Correlation between Myc targets component
629 and expression similarity of single cells to reference ESCs (acquisition of pluripotency)
630 at each time point during reprogramming, calculated after factoring out Myc targets
631 component (A) and both Myc and cell cycle components (B) from both single cell and
632  Cell Atlas gene expression data (see Materials and Methods). C-E Loss of the B cell (C),
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633 GMP (D), and monocyte (E) state in relation to acquisition of pluripotency (calculated
634  asin A) at each time point during reprogramming. F-H, Loss of the B cell (F), GMP (G),
635 and monocyte (H) state in relation to acquisition of pluripotency (calculated as in B) at
636  each time point during reprogramming. Colours indicate the levels of Myc targets.
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639  Fig. S9. Experimental data relevant for Fig. 3. A, Similarity score of single cells binned
640 by Myc targets expression (bottom 20%, mid and top 20%) with reference cycling and
641  non-cycling pre-B cells(16). B, Top: FACS plots from pre-B cells obtained from 3
642  separate mice, showing the distribution of cells by volume (FSC) and granularity (SSC).
643  Bottom: Myc expression profiles obtained for large, intermediate and small cells
644  (gated in the profiles on the top) after intracellular immunostaining and FACS analysis.
645 C, Cell proliferation analysis by FACS of uninduced pre-B cells by EdU incorporation for
646 2 hours. D, Monitoring cell volume and granularity during induced transdifferentiation
647  of large and small pre-BlI cells by SSC and FSC. E, Number of AP* iPSC colonies at day
648 12 of reprogramming, obtained from large and small pre-Bll cells pre-treated for either
649  6h or 18h of C/EBPa induction.
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652  Fig. S10. Gating strategies for FACS analyses. A, Gating strategy for Myc staining,
653  corresponding to Fig. 3E and Fig. S9B. B, Gating strategy for EdU incorporation,
654  corresponding to Fig. SOC. C, Gating strategy for transdifferentiation, corresponding to
655  Fig. 3F.

656

657  Supplementary tables

658 Table S1. Gene cluster membership and gene loadings on each independent
659 component for each detected gene. The sign of cluster membership is positive if the
660 gene has the highest absolute loading on the positive side of the component and
661 negative if the highest absolute loading is on the negative side of the component.

662  Table S2. Total mRNA count, number of detected genes, and projection onto each

663 independent component, for each single cell.

664 Table S3. Fisher’'s test based gene set enrichment analysis on Gene Ontology
665  categories (biological process) for each gene cluster. Includes odds ratios, p-values and
666 FDR, number of genes associated to each category, number and names of genes
667 included both in the cluster and in the category.

668 Table S4. Fisher’s test based gene set enrichment analysis on hallmark genesets for
669  each gene cluster. Includes odds ratio, p-value and FDR, number of genes included in
670 each category, number and names of genes both included both in the cluster and in
671  the category.
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672  Table S5. Reprogramming efficiencies for different cell types and their expression of
673  Myc component from the mouse cell type atlas.
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